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PREFACE 


A brief review on phase transformations in solids has been 
presented in Chapter I. In addition to discussing the thermodynamics 
and kinetics of phase transformations, various types of transformations 
encountered in inorganic solids have been described in this chapter. 

Cesium chloride undergoes a first order thermal transition . 
from the CsCl (Pm3m) structure to the NaCl (Fm3m) structure at^480°G. 
Addition of KOI, RbCl and other alkali halides to CsCl markedly 
affects the characteristics of this Pm3m-Fm3m transition. While KC1 
or RbCl stabilizes the EtnSn phase at a fixed composition, CsBr increases 
the transformation temperature. We have examined the Pm3m-Fm3m 
transitions of the solid solutions of CsCl with KC1 and CsBr in detail 
employing differential thermal analysis and variable temperature x-ray 
diffraction (Chapter II)* We have then attempted to explain the widely 
different behaviours with the KC1 and CsBr solid solutions by employing 
the Bom treatment of ionic solids. In order to examine the influence 
of Schottky defects on the Pm3m-Ra3m transition, we have studied the 
transformations of the solid solutions of CsCl with SrCl*. 

In Chapter III, defect energies in CsCl and Its solid solutions 

with KC1, RbCl and CsBr have been estimated from ionic conductivity 

measurements. It was our interest to obtain Schottky formation 

energies in the Pm3m and Ik3m phases of CsCl and to examine the 

variation of the migration energy in the two structures of CsCl with 

+ + - 

the incorporation of K , Rb and Br ions • In addition, we have also 



+2 — 

estimated the binding energy of the complex, Sr^ ^q s + » with and 
without the Debye-Huckel approximations* 

Phase transitions of silver halides, particularly those of 
silver iodide, form the subject matter of Chapter IV. The major 
interest in this study were: (i) to establish the presence of the B3 
polytype (cubic, sphalerite type) of Agl and its possible transforma- 
tion to the B4 form (hexagonal, wurtzite type); (ii) to study the 
transitions of B3 and B4 forms to the B23 (high temperature cubic) 
form, and (iii) to investigate the applicability of the Born model 
of ionic solids to the pressure transitions of AgCl and AgBr as well 
as the thermal and pressure transitions of Agl. 

The effect of particle size on the thermal hysteresis and 
enthalpy changes in reversible crystal structure transformations have 
been reported In Chapter V. Turnbull^ theory of heterogeneous 
nucleation has been employed to understand particle size effects; a 
thermodynamic treatment of thermal hysteresis has also been attempted. 
Interfacial energies of CsCl, NH^Cl, NH 4 Br, Agl, K g S0 4 and quartz have 
been estimated by different methods. 

In Chapter VI, crystallization of amorphous oxides has been 
examined fcy differential thermal analysis. The more interesting 
study in this chapter refers to thermal and particle size effects in 
magnesium oxide. This problem has been investigated by careful 
measurements of the particle size, surface areas and heats of solution 

of MgO samples prepared at various temperatures In the range, 
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350° - 1200 °C. The purpose of this study was to understand the nature 
of the "pseudocrystallization” and the associated thermal anomaly in 
finely divided oxides such as MgO prepared by low-temperature 
decomposition of hydroxides etc. 

In Chapter VII, some aspects of the semiconducton*semimetal 
transitions in VO g, NbOp and their solid solutions have been invest- 
gated. DTA, x-ray diffraction and conductivity measurements have 
been employed to investigate these interesting transformations. It 
may be mentioned here that semiconductor-semimetal transitions form 
an important new area in the transport properties of oxides and 
related materials. Crystal distortion plays an important role In 
determining the nature (and magnitude) of such electrical transitions. 
The systems presently studied include VOg-TiOg, V0g-Nb0g, VOg-WbO^ 
and Nb0g-V0g solid solutions. 

Preliminary results on the phase transitions of some mixed 
halides such as CsPbXj (X = Cl, Br or I) and RbCdClj have been 
presented in Chapter VIII. The reported crystal structures (and 
space groups) of these halides tempted us to look for possible 
ferroelectricity In these compounds. New phase transitions in other 
related mixed halides (CsCuClg, RbCdBr^ and KbCdlg) have also been 
examined. 

It can he seen that the research work carried out by the 
author as part of the Fh.D. training programme was meant to familiarise 
him with a wide variety of phase transitions exhibited by inorganic 
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solids. 'While this has been a good education to the author, he 
hopes that the material will be of some value to the scientific 
linterature as well. 

The author has taken care to give due credit for the work 
of other workers. There are approximately 200 references to the 
literature in the thesis. However, the author would like to be 
excused for any emissions which might have occurred by oversight or 
error in judgement. 
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CHAPTER I 


PHASE TRANSFORMATIONS IN SOLIDS 



CHAPTER I 


PHASE TRANSFORM JST IONS IV SOLIDS 
-A Brief Account 


1.1 rnTRODUCTIOK 


Polymorphism is a com, ion phenomenon in solids and the 

change of one polymorph to another constitutes an Important aspect 

of phase transformations in solids. Phase transformations in many 

solids are accompanied by interesting changes in electrical, 

magnetic, dielectric and thermal properties in addition to changes 

in the crystal structure of the material. The subject of phase 

1 

transformations In solids has been reviewed by Ubbelohde , Rao and 
2 3 

Rao and Smoluchowski . A brief account of various types of phase 
transformations will be presented in this chapter. 

1.2 Thermodynamics of Phase Transformations in Solids 

Classical thermodynamics gives a simple treatment of the 
equilibrium between two phases. The equilibrium properties of each 
phase are defined by the Gibbs free energy function, G, the pressure. 
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P, and the temperature, T.*- The G-P-T surfaces of two phases are 
considered to be independent of oach other and in a phase trans- 
formation the surfaces intersect at the transition point* If the 
transformation takes place from a low-temperature to a high- 
temperature form, there will be an increase in entropy and an 
associated volume change. The two thermodynamic relations which 
describe the differences between the slopes of the tangents at the 
intersection are : 


(&G/dT) p - -S 

(l) 

(<5G/dP) T = V 

(2) 


Those two relations are related by the G laus ius -Glapeyron equation. 

The classical thermodynamic approach in describing phase 
tr ana formations is inadequate since a variety of systems are known 
to exhibit transformations occurring over, a wide range of temperatures* 
These systems show anomalous changes in specific heats and specific 
volumes and show evidence of premonitory phenomena* The transition 
temperature, T^, in these transformations is taken to be that in 
which the heat capacity or the coefficient of expansion shows a 
maximum variation. This class of transformations has often been 
referred to as gradual, smeared or diffuse transformations. 

The earliest attempt to treat the thermodynamics of the 
gradual transitions was by Ehrenfest who considered the case where 
the free energies as well as their differential coefficients of two 
forms or structures are qual, but there is a discontinuity in their 
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second differential coefficients. In such cases, the intersections 
of the G-P-T surfaces will not be sharp, but the surfaces may come 
into contact with each other at the transition point. According to 
Ehrenfest, when the G-P-T surfaces touch each other with the same 
slope but different curvatures at a temperature, there will be 
discontinuity in the second or higher derivatives of free energies; 


( D 2 G/dT 2 ) = - c A 

p 

(3) 

( d Z G/d Td P) = (dv/dT) 

(4) 

( p 2 ) = (dv/dP) 

(5) 


The free energy-temperature curves of three typical cases 
are shown in Fig. 1.1. The curves in Fig, I.l(a) represent trans- 
formations predicted by classical thermodynamics where the G - 
curves intersect sharply at a finite temperature. The diffuse 
transitions, on the other hand, can be represented by curves in 
Fig. I.l(b). Justi and Von Laue have pointed out that in gradual 
transitions, the third differential coefficients of G change and 
not the second at T^, so that the free energy curves of forms I and 
II can cross each other. This argument Is not entirely satisfactory 
since it Is difficult to conceive of two forms of a substance 
separated by the anomaly as two phases existing on both sides of 
the transition point. 

From the discussion above, it becomes apparent that one can 
distinguish, in principle, two types of transformations based on 
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thermodynamics. The discontinuous or the first-order transitions 
which follow the predictions of classical thermodynamics and the 
continuous (or the diffuse or the so-called second - or higher-order) 
transformations . 

In the first-order or discontinuous transformations, the 
difference in the free energies of the two phases is given by: 

0 = £.G = G 2 "G 1 = AH - T £S S = AE - TAS + PAV (6) 

= A E + PAV - T(Sg-S ) 

where A S is tho difference in internal energies of two phase? if 
P A V ir. a transformation is small, one can compare the stabilities 
of the two phases in terms of their Helmholtz free energies: 

0 = A A = AE - T AS = (Eg-Bj) - T(%-Sj) (7) 

According to this equation, the transformation results from the 
compensation of the lattice energy difference by the entropy 
difference at the transition temperature. The thermodynamic relations 
in first-order transitions aro graphically represented in Fig. 1.2* 

It can bo seen that at T^, the freo energy curves Intersect each 
other and A A = 0. These transformations involve step-wise increase 
in energy with increase in temperature and 3how discontinuity in 
energy and all other properties at T^. 

Many instances are known where phase transformations are 
induced by application of pressure. Whenever there is a decrease in 
volume during a transformation, pressure would favour such a 



ENERGY 



Fig. I. 2 Variation of the internal energies and free 
energies with temperature in first order 
trans f or mation s . 
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transformation and the thermodynamic variables are simply correlated 
by the Claus ius -Clayperon equation. Since the phase produced by the 
application of pressure will have a lower volume, the decrease in 
volume is compensated by an increase in the E or in the coordination 
number. The increase in entropy may be seen as a decrease in 
disorder* 

In higher-order or continuous transformations, the energy 
increases gradually with temperature until where the rate of 
increase of onergy falls sharply* As a result of this, discontinuity 
is found in specific heats or specific volumes. Since lambda-shaped 
specific heat curves are generally obtained In those transformations, 
these are also called lambda-transformations (Fig, 1.3). Second or 
higher-order transformations occur over a temperature interval and 
are generally associated with increase in disorder with rising 
temperature. If a solid has perfect order at absolute zero of 
temperature, a rise In temperature disturbs the order of the structure 
and with progressive increase in temperature, the structure gets more 
and more disordered until the transformation temperature is reached. 
One can introduce an order parameter £r which Is equal to unity at 
absolute zero and becomes zero at (Fig. 1.3). The free energy 
function for such a system may be written as: 

A(T,£ )> E<0 -TS(f) (8) 

Although for the sake of simplicity, we may classify trans- 
formations as first-order and second-order types, in reality It is 
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difficult to find out exactly whether a transformation belongs to 
cither of these two types. Ey definition, first order transformation 
should occur sharply at one temperature and two phases of the same 
substance should not coexist at temperatures other than T^. If a 
single ciystal of a substance is taken through a transition point, 
the crystal, should break; up into a random assembly of one or more 
crystals of the other phase at T+ . If the temperature Is then . 
decreased below T^, the first phase should reform randomly from the 
second phase and there should be no persistence of the crystal axis 
of the first phase. 

There are a number of transformations which have been 
classified as first order: tin (grey-white, -_,19°C); cesium chloride 
(CsCl-KaCl, ~ 480°C); NH 4 C1 (CsCl-NaCl, ~184°C); sulphur (rhombic- 
monoclinic,,~'96°C) . While the transformations classified as first 
order are structurally discontinuous and may involve drastic variations 
in energy, there are indications of higher order effects (as well as 
of premonitory phenomena and hysteresis) In many of those transforma- 
tions. Many transformation have boon found to proceed through the 
formation of hybrid crystals whore tho two structures coexist within 
a general pattern of orientation. 

There are many phase transformations which strictly belong 
to neither first order nor second order. For example, the ferro- 
electric transformation of KHgPO^ should theoretically be. first order 
but conforms more closely to the second order. The transformations ' 
of BaTiOg and related materials show lambda-like changes in properties 
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as wo 11 as small changes in latent heat. There is super-position 
of second-order behaviour on first-order transformations in the 
transformations of alkali sulphates. Many transformations are 
actually mixed transformations and can not be placed in either 
category* Even the order-disorder change in second-order transforma- 
tions may be seen as an abrupt change towards the termination. 

Many reversible transformations show hysteresis effects 

either in terms of the formation of motastable structures in one of 

the directions or in terms of differences in the transformation tompe- 

4 

raturcs in the two directions . Observation of thermal hysteresis 
clearly shows that the equilibrium is not complete at all the stages 
of tho transformation as required by thermodynamics, hysteresis is 
a necessary consequence of the coexistence mechanism of continuous 
transformations . An examination of the available data on reversible 
transformations shows that the thermal hysteresis is related to the 
volume changes in the transformations; thermal hysteresis is generally 
small when the volume change in the transformation is small (o.g. , 

-X - j'i inversion in quartz). 

Occurrence of metastablo intermediate phases, has been noted 
in some transformations. Tho metastable phases in such instances 
are probably related crystallographically to either of the two phases. 
The occurrence of a motastable phase in KNO^ is shown in Fig* 1.4. 
BigOg transforms from the monoclinic phase to the cubic phase at 
730®C and on cooling tho cubic phase it reverts back to the monoclinic 
phase through a metasthble tetragonal phase (Big* 1*4), 




200 400 600 800 IOOO 


TEMPERATURE, °C 

Fig. 1 . 4 . Occurence of metastable phases as shown by 
DTA curves: (a) KNO^transformation^broken 
line is the cooling curve); (b) Bi203 transfor- 
mation. ^ 
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Irreversible crystal structure transformations are found in 
many .systems -where one of the polymorphs is metastablo in a particular 
temperature (or pressure) range. In such transformations, a polymorph 
transforms to the other form on heating above a particular temperature 
and remains in the now transformed structure even after cooling. It 
is not possible to assign any critical!, transformation temperature in 
an irreversible transformation and the transformation -will be a functic 
of time as well as temperature. Typical examples of the irreversible 
trvu# formations are the following: nnatase - rutile 

(cf Ti0 2 ); aragonite-calcite (of GaGOg ) ; cubic -hexagonal or cubic- 
monoclinic (of raro-earth 303quioxides) . 

Simple thermodynamic considerations indicate that ono poly- 
morph of a solid can be more stable under a specified set of conditions 
than the others. It is however, difficult to strictly define the 
thermodynamic stability of a polymorph since a variety of physical 
factors as well as compositional differences drastically affect the 
stability of polymorphs markedly. Thus, if there is any difference 
in the stoichiometry between two polymorphs, ono can not really 
classify them as belonging to the some polymorphic group, in j 

interesting example of a transformation where physical factors 
affect the stability of a polymorph is provided by ZrO^ . ZrO^ 
undergoes a roversible monoclinic-tetragonal transformation at 
1175°C (l055°C on cooling). The tetragonal ZrOg can be made’ stable ! 
at ordinary temperatures if the particle size is small? the stabili- * 
zation is apparently due to the excess surface energy of the small 
particlu size samples. 



9 


If difforont samples of a solid contain different quantities 

of impurities, the regions of thermodynamic stability -will vary. 

Thus, calcium carbonate with a small amount of strontium will tend 

7 

to make the aragonite phase more stable than the calcite phase . 

Pros once of small quantities of sulphate ions or other impurities 

in TiOp (anatase) enhances the temperature of transformation to 

8 

rutile considerably . It Is therefore difficult to define the 
thermodynamic stability unless the detailed history of the sample 
including its exact chemical composition is known. 

1.3 Structural Changes in Transformations 

o 

Buerger'' has classified various types of thermal trans- 
formations based on structural changes involving the primary or 
higher coordination. Transformations where there are changes in 
the primary coordination involve a more drastic change In energy 
and structure rather than those where there are changes in the 
higher coordination* Accordingly, one can classify thermal trans- 
formations of the first order into two categories: first coordi- 
nation transformations and higher-coordination transformations. 

Changes in primary coordination can take place by a 
reconstructive transformation, where the first-coordination bonds 
are broken and reformed. Such transformations will involve higher 
energies of activation and will be sluggish. Further, there may 
be no symmetry relation between the two phases. Reconstructive 
transformations give rise to large changes in cell dimensions. 
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symmetry, internal energy, specific heat etc. Typical of these 
transformations is the aragonite-calc ite transformation of CaCO^ 
(400°C) -where the coordination number changes from 6 to 9. Changes 
in primary coordination may take place through a dilational 

mechanism as suspected in the thermal transformation of cesium 

t-'u 

chloride (480°C) or ammonium chloride (l84°C) . Dilational trans- 

A 

formations are likely to be rapid compared to reconstructive trans- 
formations . 

I. ‘any of the transformations involving changes in higher 
coordination may also proceed through the breaking of the primary 
bonds and for this reason, the energy changes and other features 
of the reconstructive transformations involving higher coordination 
may resemble those of the reconstructive first coordination trans- 
formations* Typical examples of these are the sphalerite-wurtzite 
(ZnS), cristobalite-tridymite-quartz (SiO^) transformations. Trans- 
formations between poly types may also fall under this category. The 
transformation of TiOp (anatase or brookite to rutile) involves 
changes in secondary coordination, but show the characteristics of 
first coordination transformations. 

In some transformations, changes in higher coordination 
can bo effected by a distortion of the primary bond. Such trans- 
formations may be called distortional or displacive transformations . 
These transformations may involve considerably smaller changes in 
energy and are usually fast. In the displacive transformations, the 
high-temperature form is usually more open and has higher specific 
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volume, specific heat and symmetry. Examples of displacive trans- 
formations include the high-low transformations of quartz (575°C), 
tridyrdte (l60° and 105°C). Anataso (TiOg) shows a displacive 
transformation prior to its transformation to rutile* 

1*4 Kinetics of Transformations 

The rate of a phase transformation is determined by the 
energy barrier opposing the process and an energy of activation 
will be required to surmount the energy barrier to enable the 
reaction to proceed. The basic equation relating rate constants 
with temperature in a thermal transformation is the classical 
Arrhenius equation: 

k = A exp (-E a /RT) (9) 

where E a is the energy of activation, k is the rate constant and A 
is a constant for the transformation. 

The magnitude of E a of a transformation depends on the 
mechanism of the transformation and the changes in coordination 
involved. Ary transformation which involves changes in primary 
coordination (directly or indirectly) will need a much larger E 

a 

than those involving changes only in higher coordination. 

Phase transformations are generally initiated by the formation 
of a number of small particles or nuclei of the now phase which 
then grow until the transformation is complete. The presence of 
the phase boundary or surface between two phases increases the 
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free energy and provides the energy barrier in the kinetics of 
nucleation* Nucleation involves the assembly of suitable kinds of. 
atoms or units by diffusion or some other mechanism, change of the 
structure into the intermediate structure (s) , followed by the forma- 
tion of the nuclei of the new phase . An activation energy may be 
associated with each of these steps, but the experimental energy 
of activation •'■dll refer to the rate-determining step. 

Nucleation may be homogeneous or heterogeneous. Hetero- 
geneous nucleation takes place preferentially at grain boundaries, 
foreign impurities or dislocations. Homogeneous nucleation can 
occur in the absence of such defects; once a nucleus of tho new 
phase is formed, however, it produces an imperfection in the host 
structure. The number of nucloi formed per urdt volume is given 

n = N exp(-AG n /RT) (10) 

where AG n is the free energy of formation of a nucleus. Also, 
A<^= AG, + fl5 s + AG e (11) 

where the subscripts c,s and E rofer to the free energy change due 

to the chemical change, the surface free energy and the elastic 

strain energy respectively. A G and A Gg are both positive, while 

A G is negative; A G is proportional to the volume of the nuclei 
c c 

and AG g to the surface area of the nuclei. Ignoring 
Ag e , we can therefore define the free energy change, AG fl , for 
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the formation of one nucleus as, 

AG' = (4/3)rr r 3 /s g' o + 4 Tf r 2 A (12) 

where r is the radius of the nucleus and AG* and AG* stand for 

G S 

the free energy change per unit volume and surface free energy per 
unit area, respectively. The critical size of nuclei is found by 
setting the derivative of equation (12), with respect to r equal 
to zero* 

r* = -2AG*/AG* (13) 

In Fig. 1.5, the dependence of the free energy change on the radius 
of the nucleus is shown schematically, Imporfeetions in solids 
generally decrease A G^ and favour the nucloation process. In such 
heterogeneous nucleation processes, the interfacial energy between 
the now phase and the imperfection would be an important factor. 

The over-all activation energy and the transformation rate 
depend not only on the kinetics of nucleation, but also the propaga- 
tion (or growth) processes. The propagation process may involve 
material transfer across the phase boundary into the new phase and 
the transfer into the interior of the new phase by diffusion. Each 
of these steps is associated with an activation energy. In experi- 
mental studies, the kinetics of phase transformations are usually 
discussed in terms of the rates of nucleation and the propagation 
steps. Most of the activation energy of a transformation is 
generally utilized in the nucleation process. 




Fig. 1.5 


Dependence of the free energy change upon the radius 
of the nucleus. 
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In recent years, the kinetics of various phase transforma- 
tions have hean reported in the literature. Thus, the kinetics of 

10 

the transformation of tin (white - grey) are found to comply 

11 

with Avrami's equation : 

(l - f) = exp(-At k ) (14) 

where f is the fraction transformed, t is the time and k = 3. The 
results seem to be in agreement with the three-dimensional growth 
of the nuclei formed during the beginning of the transformation. 

For the grey-white transformation of tin the value of k varied between 
1.5 and 2. The results show that the rate of nucleation and not the 
rate of propagation, dotormines the value of k. For a value of k = 1, 
the abovo equation (14) becomes the first order rate equation. 

For k N 1 the reaction is autocatalytic, spontaneously giving rise 
to nuclei after initial induction. 

B 12, 

Several other forms of Avrami's equation * * have been 
employed to interpret kinetics of phase transformations, but we 
shall not discuss them presently. Many workers have reported that 
the first-order rate-law is obeyed in some crystal structure trans- 
formations . Typical of those are the transformations of brookite 
(Ti0 ? ) and anatase (liO^) to. rutile. The first-order law has also 
been found in the transformations of germanium dioxide x • Trans- 
formations of defect cubic oxides of the rare earths to the hexa- 
gonal or monoclinic forms are also found to obey the first order 
14,15 

Icltf • 
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1.5 Order-Disorder Transitions 

Mary substitutional solid solutions show ordered structure 
at low temperatures, if they -are properly annealed. The ordered 
structure transforms into the disordered structure over a wide 
temperature range (typical of second-order transformations) and the 
change becomes very rapid near the transition temperature. The 
transformation temperature is often referred to as the curie point 
of order* The degree of order in the arrangement of atoms in the 
lattice site is measured by a long-range order parameter, s, and a 
local order parameter, . Both s and <y decrease (from a value 
of l) with increase in tomperaturo. The rate of decrease is large 
at T^ typical of cooperative phenomena. Good statistical theoroies 
for the variation of order and associated physical properties with 
temperature have been developed. 

1.6 Martensite Transformations 

One of the best documented phase transformations in solids 

is the Mart onsite transformation, commonly encountered in metal 
17 

systoms • Unlike the nucleation and growth transformations, the 
Martensite transformations proceed by coordinated movements of 
a large number of atoms within a relatively short time. .These 
transformations aro essentially diffusionless since the atomic 
displacements are very small. It is not possible to stop or slow 
down a martensite transformation by thermal quenching because of 
the high rates associated with the transformation (even at veiy low 
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temperatures) . Martensite products have little in common with 
regard to the structure and there appears to be no simple way to 
predict the structure of the martensite product on the basis of the 
structure of the parent. 

Martensite may denote the product phase resulting from the 

reaction cr the mechanism of a specific type of phase transformation. 

Martensite transformations are mainly found in metal systems and 

originally referred to the transformation of austenite (FCC, Fe-C) 

to martensite (BCT). There are also some compounds which are known 

to show martensite transformations. NaCN which exists in the NaCl 

18 

structure above 15°C (and in the orthorhombic structure below 
this temperature) shows the presence of an ordered rhombohedral 
structure when heated above 150°C; the rhombohedral structure persists 
ever, on cooling. 

1.7 Ferroelectric Transformations 

Ferroeloctrics form a subgroup under the pyroelectrics and 

aro characterised by tho reversibility of their permanent polariza- 

19 

tion by an applied electric field . Such a reversal gives rise to 
non-linear dielectric behaviour and to a hysteresis loop. In 
ferroelectric materials the temperature at which the free energies 
of the polar state and non-polar state (or the less-polar state), 
approach each other, is called the Curie temperature* At the Curie 
temperature, where AF = 0, a phase transformation is observed as , 
evidenced by tho spontaneous polarization# In some ferroolectrics. 
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the temperature dopondonco above the Curie point follows the Curie- 
Hois s Law, 

f= (~ Q + (C/T-T c ) (15) 

where T is the Curie-Weiss tomporature and C is the. Curie constant* 
The dielectric constant becomes very largo near T (Fig, 1,6) and 
may be related to the susceptibility by the equation: 

£/4tt— : k (16) 

Phase transformations from a ferroelectric phase I to another 
ferroelectric phase II, from a ferroelectric phase to a paraoloctric 
phase or from a ferroelectric phase to an antiferroolectric phase 
have boon observed in a variety of substancos* 

-Accompanying those transformations ono finds anomalies 
in heat capacity, breaks in thermal expansion curves and variations 
in optical properties (including vibrational spectra) in addition 
to changes in crystal structure and dielectric properties 
(Fig. 1.6). 

1,8 Magnetic Transitions 

Mary of the magnetic solids show interesting transitions 
/ 20 

at the Curio or the Heel temperature . For example, the high- 
temperature paramagnetic phases of ferrites (MFegO^ or MPeOj where 
M is a metal ion) transform to the low-temperature ferromagnetic 
phases below the T . Similarly, many magnetic solids (e.g, MnO, 

FoO, NiO) transform to the antifarromagnetic state at the T q . These 





Fig. 1.6 Transformation in BaTiO^ accompanied by changes in 
(a) dielectric constant (b) spontaneous polarization 
(c) birefringence (d) heat capacity (e) lattice dimensions 
and (f) piezoelectric coefficient dio. (ref. 19). 
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transformations involve the cooperative transformation of magnetic 
dipoles and show the features of the order—' •» disorder transformations. 
At the transition temperature marked anomalies are noticed in the 
specific heat, thermal expansion coefficient, electrical resistivity 
and magnetic susceptibility. Some of the transitions exhibit 
thermal hysteresis similar to first order transitions. 


Besides paramagnetic ■=?- ferromagnetic and paramagnetic 
antiferromagnetic transitions, magnetic solids may also undergo 
paramagnetic —b ferrimagnetic, antiferromagnetic ^ ferrimagnetic or 
antiferromagnetic ferromagnetic transitons. 


1.9 Semiconductor -Metal Transitions 


Solids have been classified as metals, semiconductors or 
insulators on the basis of their electrical resistivities. Many 
of the common substances such as NiO, MnO, Pe^Og, TiO^, PrgO^, 
and KnSp are either insulators or semiconductors* There are many 
inorganic compounds which are metals, typical of these being TiO, 
NbO, EoOg and CrOg. 


Some solid state materials are semiconducting upto a 
specific temperature at which the conductivity rises sharply by 
several orders of magnitude. Such semiconductor-*- semimatal transi- 


tions have been observed in VO^, V^O^, Ti^O^. and a few other subs- 


tances. The semiconductor ^ semimetal transitions are generally j 

■ ■ . ■ ■ ■ ' . ; ■ ' " ■ . ■ ■ , ; 

accompanied by marked changes in lattioe dimensions, magnetic | 

susceptibility and heat capacity of the solid (see Figs. 1.7 and 1.8). 
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The metallic conductivity above the transition temperature probably 

results from the formation of a conduction band through direct cation- 

cation (or cation-oxygen-cation) bonding since the radii of ions like 
+5 +5 

Ti or V ‘ are quite large. In order to account for the origin 

of the energy gap in the low temperature phase several models have 
2 ? 

been proposed. Morin “ suggested that the transition is associated 

with a change from a paramagnetic to an antiferromagnetic state. 

Mott proposes that the substances are metallic or non-metallic 

depending on the degree of overlap between the 3d wave functions; 

the non-metallic state according to him should be in a ferromagnetic 

20 

or antiferromagnetic spin arrangement. Goodenough , on the other- 
hand, suggests that the origin of the energy gap in the low-temperature 
phase is not magnetic ordering but a change in chemical bonding (due 
to the pairing of neighbouring cations) . Mler and Breaks have 
proposed that the transition originates from crystalline distortion 
and is not related to magnetic ordering. We shall now briefly examine 
the features of 3ome of the samiconductor-semimetal transitions. 

VgOg has the corundum structure (rhombohedral symmetry) at 

room temperature and transforms to a monoclinic symmetry around 150°K 

with a volume chango of 5 . 5 % and thermal hysteresis of about 18°. 

4 -3 

The electrical resistivity changes from 10 to 10 ohm cm at the 

24 

transition temperature . The magnetic susceptibility also shows 
25 

an anomaly at , Recent neutron diffraction studies have shown 

pg 

evidence of magnetic ordering in the low temperature phase , 

5l\ 27 28 

MIR (V ) and Mossbauer studies also establish antiferromagnetic 
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ordering in this phase (see Fig. I. 7 for changes in various properties 

at T^) . A specific heat anomaly is seen to accompany the trans- 
?9 

formation'' •# ■ If the antiferromagnetism of the lowwtomperature phase 
is ignored the Goodenough. model appears to be satisfactory in 
explaining the gross features of the transition. 

VOg transforms from monoclinic phase (MoOg type) to tetra- 
gonal phase (rutile typo) at 340°K. There is also an appreciable 

3Q 

thermal hysteresis (<v 15°) . Magnetic susceptibility measurements 0 

as well as NMR (V 51 ) S1 and Mossbauer studies ^ show no evidence of 

magnetic ordering in VOg. The electrical resistivity shows a sharp 

35 

transition at 340°K (with a change by a factor of 10 ) . All the 

experimental observations (see Fig. 1.8 for changes in various 

properties at T ^) , seem to fit the model of Goodenough. As one 

would expoct, the magnitude of the change in susceptibility 

accompanying the magnetic transition of VOg decreases in solid 

34 

solutions of VOg-TiOg as the percentage of TiOg is increased * 

Unlike VgOg and VOg, TigO^ (corundum structure) shows an 
electrical transition over a wide range of temperatures (390-470°K) 
which is not accompanied by a change in crystal symmetry* The 
lattice dimensions, however, show abrupt changes in the same 
temperature range. The volume change in the transition is about %• 
Recent neutron diffraction studies show no evidence of antiferro- 
magnetic ordering in TigO^* The magnetic susceptibility shows a 
small change around the transition temperature . The transition is 
also evidenced by a specific heat anomaly. All the experimental 
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observations on the Ti^O^ transition can be explained in terms of 
the distention* of the unit cell and the accompanying changes in the 
band gap. Interestingly, it is found that a solid solution of 10$ 

l 

V o 0„ in Ti o 0„ does not show the electrical transition? instead it 
is metallic throughout the temperature range. The lattice parameters 
of this solid solution are nearly the some as the corresponding 
values for pure Ti^O^ after it undergoes the transition. 

1*10 High Pressure Transformations 

Considerable progress has been made in recent years in 
attaining high pressures" and those new • developments have made it 
possible to examine the P-V-T relations as well as various phenomena 
in solids under high pressures. High pressures may be produced by 
static methods or by the shock method. Crystal structure changes 
under high pressures have been studied in a variety of systems by 
employing optical, x-ray diffraction and electrical measurements, 

The high pressure phases are always more dense and are generally 
associated with higher coordination numbers. In addition to phase 
charges, other interesting changes In physical properties are often 
noticed under the influence of high pressures. Thus, many insulators 
are transformed Into metals at high pressures? graphite is converted 
to diamond at high pressures and temperatures. 

Pressure transformations of different kinds have also been 
studied in alloys (two component system). The types of transformations 
studied Include the diffusionless martensite transformations and the 
order-disorder transformations. 
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The reconstructive transformation of graphite to diamond 

has beon recently shown to take place under high pressures; the 

transformation is accompanied by a change in the coordination of 

carbon from 3 to 4. It has been shown that diamond on application 

of pressure transforms to a metallic state. It is interesting to 

note that while yollow phosrphorus does not give any new modifica- 

-2 

tion under pressures upto 20,000 kg. cm , the red phosphorous 
exhibits a reversible transformation even at about 4000 kg. cm 
and at 600 °C. 

The halides of potassium and rubidium have been shown to 
transform from the rock salt structure to the CsCl structure under 
pressure. The fluorides do not exhibit any change in structure 
undor these conditions. The pressure transformation data of alkali 
halides have been successfully employed in the calculation of lattice 
energies and repulsive parameters in ionic halides (see section 
I.ll). Calcium carbonate undergoes a transformation from calcite 
to aragonite on application of pressure; the transformation is 
reconstructive and is accompanied by a change in the primary 
coordination. The transformation of aragonite to calcite takes 
place on heating. The same change is also effected by grinding. 

e 

Ti0 g and Agl are welknown examples where grinding produoes the 
more stable form at the temperature of grinding. The transformation 
takes place under the influence of shearing-stresses superimposed 
on quasi-static pressures as verified in the transformations of 
SiOg (quartz - coesite), and CaCO^ { calcite -aragonite ) , Trans- 
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formations which do not normally take place below 300 °C can be 
made to occur between 0° and 100°C by the application of displacive 
shearing stresses; rates of reactions are also considerably 
enhanced* 

In the transformation of quartz to coesite at high 
pressures only changes in the secondary coordination take place, 
coo site having higher secondary coordination. The transformation 
temperature of high-low quartz is decreased by application of 
pressure. The coordination number increases with increasing 
pressures as evidenced in the case of aluminium silicates. 

High pressure pulses of a 3hort duration can be accom- 
plished by the 'shock method 1 . Shock produced phase transition 
studies have been investigated and compared with studies of 
transition under static pressures. Under shock- induced pressures, 
no transition is possible unless the phase change can occur within 
a microsocond, and instead, the system may remain in a metastable 
state. .Application of a one-dimensional shock to a sodium chloride 
single crystal in different orientations indicated that the decrease 
in the interatomic distances is in part compensated by the 
redistribution of atoms. The static and shock data do not. differ 
much* Potassium chloride transformed within the shock time and 
on removing the shock, the crystal assumed the original structure; 
the transformation is reversible well within one juL, sec . since the 
pressure release is very fast. Red phosphorus was known to 
transform to the black variety at *^45 kbars at room temperature 
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in the presence of shear. But with shock technique, the trans- 
formation takes place around 30 khars. Diamond becomes metallic 
at about 600 kbars. The transformation of iodine to metallic 
iodine takes place at about 240 kbars. 

1*11 Born Treatment of the Phase Transformations in Alkali Halides 

36 

The Born expression for the potential energy of an 

37 

ionic solid as modified by Huggins and Mayer is given by: 

U = (oCe 2 /r) + (C/r 6 + D/r 8 ) - B(r) + 0 Q (17) 

whore U is the lattice energy of the ionic solid per pair of ions, 
r, the equilibrium interionic distance, 0 Q , the zero point energy, 

*V 

C and D aro the van der Waals terms for dipole-dipole and dipole 
qua.dru.pole interactions respectively. Different forma of the 
repulsive energy B(r) have bean employed in the literature. The 
most general form of the repulsive term is given by the four 
parameter expression: 

3(r) = Mjb^ exp(-r/P 1 ) + Mgbg oxp(-ar /p g ) (18) 

in which and aro tho numbers of nearest and next to nearest 
neighbours, h^, b g , and p 2 are repulsive parameters and a is 
the ratio of the distance between next-to-nearest and nearest 
neighbours. Other forms of equation (18) have been employed by (i) 
setting ^ - ^2 ("three parameters) (ii) by setting b^ = bg and 
P 1 = Pg (two parameters) or (iii) by ignoring the second term 
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ouo to the non-nearcst neighbour interactions. Equation (l7) 
with a two parameter repulsive term has not been very successful ■ 
in explaining the relative stabilities of the Fra.3m and Pm3m 
structures of the alkali halides 88 * 88- ^« 

In an attempt to explain the greater stability of the 

38 

Pn3m structure of GsCl, May assumed a higher van der Waals term 
with a three parameter repulsive term given ty: 

U = + K(C/r 6 + D/r 8 ) - B(r) + 0 q (l9) 

where K = 3.6 and B(r) is given by equation (l8) with P ^ = p^» 
39 

Tosi and Fumi have objected to tho use of higher values of 
K 1 and have instead employed structure-dependent repulsive 
paramoters to explain the pressure transitions of alkali halides 
of 5ta3m structures. The use of three or four-par amat or repulsive 
term in the phase transition studies necessitates employing K y 1 
in most alkali halides; otherwise b^ comes out to be negative. 

4 2—44 

Hao and coworkers have examined the pressure tran- 

sitions of several alkali halides as well as the thermal trans- 
formation of CsGl and its solid solutions with RbCl, KG1 and 
CsBr , in some detail, by employing the four parameter repulsive 
term. They have obtained satisfactory solutions by employing 
K y 1 (equation 19) . They find, however, that at a critical 

n 

value of K (=K ) , bg changes sign from negative to positive 

42—44 

(i*e., bg = 0). Rao and coworkers could therefore employ 

ti- 
lt = K and the associated repulsive terms as well to obtain 
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satisfactory solutions. The need for increased van dor Waals 

43 45 

torn has been established by Rao and coworkers * by employing 
the new van der Waals coefficients of Hajj^ and Lynch^ a , to 
obtain solutions for phase transitions of alkali halides. 

1*12 Experimental Techniques for the Study of Phase 
Transformations 

A variety of techniques have been employed for the study 

of phase transformations in addition to x-ray diffraction which 

is an essential part of the study of any crystal structure 

transformation. Once a phase transition is identified in a 

solid by anyone of the usual techniques, one has to investigate 

the same, by other methods depending on the particular properties 

of interest. We recall the various methods listed, in sections 

1.7 and 1.9 in tho study of Ferroelectric as well as semiconductor 

-to-met al transitions. The transformation of KRO,, provides 

another interesting example whore a variety of methods (Fig. 1.9) 

of particular importance have been employed to study the trans- 
47 

formation . The reversible transition of KNO g was established by 

differential thermal analysis (DTA) j x-ray diffraction was 

utilized to prove that the change was from monoclinic to cubic 

structure. Based on their crystal structures and also analogy 
48 

with KaWOg , it was suspected that the transformation may be 
associated with a change from a ferroelectric to a paraelectric 
state. Accordingly, the dielectric ihysteresis loop disappeared 
around 40°G (Curie temperature)} the dielectric anomaly was also 
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Fig. I. 9. Investigation of the ferroelectric transition in KN02^ 

by (a) DTA anomaly ; (b) dielectric constant (c) absorp- 
tion spectra (DR ) and (d) electrical conductivity measure 
ments as a function of temperature. 
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observed at this temperature. A plot of electrical conductivity 

against temperature indicated a break at ~'40°C. A study of the 

temperature-dependent infrared spectrum of KNOg showed that the 

*•1 

absorbance of the NOg deformation frequency (830 cm~ x ) showed 

47 

a marked increase in intensity at the Curie temperature ; this 

is similar to the behaviour observed in the ferroelectric-para- 

49 

electric transformation of KNO^ . Literature is replete with 
many such examples where several techniques have been employed 
to examine the phase transformation in solids. 

X-ray diffraction methods are by far the most important 
tools for tho study of crystal structure transformations. 
Identification of structures of various phases by x-ray diffrac- 
tion is very essential irrespective of what other techniques one 
employs to identify or examine the changes in the system accom- 
panying the transformation. Single crystal work with Laue and 
Weissenberg photographs are particularly useful for a detailed 

knowledge of the mechanism of the phase transformation. Thus, 

4 : 9 $. 

Ubbelohde and co-workers have examined the co-existence of 
phases or formation of hybrid crystals during transformations. 
Change in tho intensities of the x-ray lines also furnish valuable 
information. Single crystal studies enable one to find out the 
persistence or otherwise of the crystal axis throughout the 
transformation. Neutron diffraction has been employed effectively 
as a tool to examine the positions of light atoms as well as to 
study magnetic structures. For example, the antiferromagnetism 
of tho semiconducting phase of VgOg or the absence of antiferro- 
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magnetism in Ti^O^ could be established conclusively by neutron 
diffraction studies. 

The microscope has proved a very valuable tool for 
studying phase transformations, particularly with respect to 
movement of boundaries, growth of nuclei and changes in grain 
siso. Many pressure transitions are directly identified by 
optical methods. 

Both electronic and infrared spectroscopy are useful 

tools provided a characteristic absorption band of the substance 

shows variations during a transformation. Thus, the phase tran- 

4 q W 47 

sitions of KNOj , NaNOg * and KNO g have been examined by 

51 

infrared spectroscopy . 

Wide lino NMR has been useful in the study of trans- 
formations containing the suitable nuclei. Gutowski and 
52 53 

coworkers ’ examined the phase transformations in NaCN and 
NoHS employing NMR spectroscopy. ESR spectroscopy has been 
(Employed to study phase transformations by doping a crystal 
undergoing the transition with a paramagnetic ion. 

Electrical measurements such as (a. c. or d. c.) 
conductivity and dielectric constant are important techniques 
for the study of phase transformations. The transitions are 
indicated by a break in the conductivity versus temperature curves. 
For instance , the transformations of CsCl (CsGl structure 
NaOl structure) and rare earth sesquioxides ° (cubic ^ hexagonal) 
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have been examined by measuring the electrical conductivity as a 
function of temperature. Electrical conductivity measurements are 
particularly useful in the study of order-disorder transformations 
of alloys and semiconductor-metal transitions. Needless to point 
out the importance of dielectric constant measurements in the study 
of transformations associated with ferroelectricity. Many other 
transformations (o.g. kinetics of anatase-rutile transformation) 
have also been examined by dielectric measurements. 

Magnetic transitions (paramagnetic^ ferromagnetic) or 
paramagnetic-antiferromagnetic) are generally studied by employing 
magnetic susceptibility measurements. Changes of magnetic aniso- 
tropy as a function of temperature has also been used to study 
polymorphic changes. Mossbauer spectroscopy containing (or doped 
with) the appropriate nuclei provides valuable information on such 
transitions if the spectra are recorded at different temperatures* 

Measurements of heat capacities as a function of temperature 

are valuable in the study of phase transformations (particularly 

in the case of second or higher order transitions) . Differential 

thermal analysis is another powerful tool in the study of phase 

transformations. Thi3 technique has been employed to study the 

enthalpy change, activation energy and thermal hysteresis in 
4 56 

transformations * . 

In principle, any technique that can measure a property of 
the substance which undergoes marked change during the transformation 
can be employed for the study of phase transformations* Dilatometric 
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measurements, change in Young's modulus, thermal expansion of solids 
arc some of the important classical methods employed for the study 
of phase transformations. 
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CHAPTER II 


Pm3m - RaStn TRANSFORMATIONS 

OF ALKALI HALIDES* 

\ 

Solid solutions of CsCl 
vath KOI, OsBr and Ml, 

II. 1 INTRODUCTION 

Cesium chloride transforms from the CsCl structure (Pm3m) 

1 

to the NaCl structure (Fh3m) around 480 °C. The transformation is 

thermodynamically first order and is associated with considerable 

thermal hysteresis. The Pm3m - Fm3m transformations of GsCl and other 

alkali halides have been examined in this laboratory in some detail 

by employing the Born treatment of ionic solids * . The Born-Mayer 

expression with four repulsive parameters seems to explain the relative 

stabilities of the Pm3m and Fm3m structures fairly satisfactorily. 

Further,- this treatment also accounts for the stabilization of solid 

2 

solutions of CsCl with RbCl in the Fm3m structure; earlier studies 
indicate that the behaviour of CsCl-KCl solid solutions appears to be 
similar to that of CsCl-RbCl solid solutions. On the otherhand, in the 


* A paper based on this work has been published in Transactions of 
Faraday Society, 65, 0000 (1969). 
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transformation of CsCl-CsBr solid solutions, the transformation tempera- 

4 5 

ture seems to increase with the percentage of CsBr * , 

We have presently studied the transformation of the CsCl«-KCl 
and GsGl-GsBr solid solutions with a view to find out the limitations 
and applicability of the Born treatment in explaining the entirely 
different behaviours shown by these two systems of solid solutions. 

Such a study would be of value since theoretical approaches to explain 
the relative stabilities of structures of ionic solids have hitherto not 
been very successful. We feel that it is important to be able to 
explain the relative stabilities of at least the two simplest structure 
types in ionic solids, viz . , the NaCl and CsGl structures. Another 
aspect of interest in the present study was to find out whether the 
first order characteristics of Pm3m-Em3m transitions are retained in 
the solid solutions . For this purpose we have examined the crystallo- 
graphy of the Pm3m and Fm3m phases of the solid solutions as a function 
of temperature; on the basis of these data, coefficients of expansionary 1 
of the two structures have also been estimated. 

1 

Menary, Ubbelohde and Woodward , reported that a large increase 

in vacancies occurs during the transformation of CsCl. It is also 

known that the formation energy of a Schottky pair in CsCl is consider- 

8 7 

ably lower in the Pm3m phase compared to the Fm3m phase * (see also 

• ■*' ■ ' ■ ■ ;■ ■ 

Chapter III). We have now examined the Pm3m-Rn3m transformations of 

two Gs Cl- Sr Gig solid solutions to find out whether the vacancies 

+2 

produced by the incorporation of St favour the transformation. 
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II. 2 RESULTS AFP DISCUSSION 
(a.) CsCl-KGl solid solutions 

The results on the transformation of various CsCl-KCl solid 
solutions are summarized in Table II. 1, and typical differential thermo- 
grams are shown in Fig. II. 1. The lattice dimensions (at 25°C) of the 
Pm3m and Fm3m forms of the solid solutions are also given in Table II. 1. 
The a Q values of both the forms decrease with the increase in percentage 
of KC1. The calculated value of the change in molar volume accompanying 
the transformation, fyV, increases slightly with the percentage of 
KC1 (Fig. II. 2) suggesting thereby that the transformation remains 
first order (thermodynamically) even in the solid solutions. 

The volume coefficient of expansion of the Pm 3m and Fm3m 

phases of pure CsCl are found to be 1.25 x 10 -4 and 1.50 x 10~ 4 deg”- 1- 

respectively, in the transition region. The values for the 

solid solutions determined experimentally are given in Table II. 1 

along with the calculated values of The ratio , 

is about 0.80 for pure CsCl, a value which satisfactorily accounts 

8 

for the melting behaviour of CsCl . The 

CsCl - RC1 solid solutions increases in the range 0.80 to 2.60 with 
the % of KC1. The melting points of these solid solutions are known 
to decrease slightly with % KC1. 

The results from DIA and x-ray studies (Table II .1) indicate 
that the Pm3m-Rn3m transformations of CsCl-KCl solid solutions is 
reversible only upto about 5 % KC1. With further increase in the 
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the solid solutions -with 105? and 20% KC1 are obtained from experimental a Q values 
(e) Calculated from a values in the temperature range, 500-570°C. 
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Fig. II. 2. Change in^molar volume, AV, of the Pm3m~Fm3m 
transformation with % of KCI(a) and CsBr (b) in 
the solid solutions. 
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proportion of KC1, the transformation becomes irreversible and at ~^ 25 % 

KC1 the FtiSm phase of GsCl gets stabilized. At or above 25 % KC1, the 

solid solutions showed no indication of transformation . 1 

of the transformation decreases continuously with the perce 

KOI in the solid solutions upto ~ 25 % KC1. While it is eas 

visualise how high percentages of KC1 or RbCl stabilize the 

of the solid solutions by causing an appreciable decrease j 

interionic distance, it is rather difficult to understand 

reversibility of the Pm3im-Rm3m transformation ceases above 

(or 5 % RbCl) . The energy of activation also decreases witl 

indicating that the transformation is favoured by these adc 

The behaviour of the CsCl-KCl solid solutions may 

2 3 

stood in terms of the modified Born treatment * just as ii 

2 

of the CsCl-RbCl system . The lattice energy difference be 
Pm3m and Tk3m structures of a solid solution is given by, 


Au 


s.s 


]f‘ s 

u Pm3m 


- U! 


s.s 

Rm3m 


where and U^J Ei are given by the weighted stun of the 

2 

energies of GsCl and KC1 of the appropriate structures as 


equation (2) : 


AU 


s.s 




# We have just noticed a publication of Weijma and Arends® { 
found that the AH is zero at about 10$ KC1 in CsCl by er 
studies on single crystals of pure GsCl and solid solutic 
RbCl and CsBr. We have repeated our studies again and c< 
results; there appears to be some error in the work of W« 
Arends^a. 
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In equation (2) , f is the mole fraction of KG1. The lattice energy, 

U, has the general form, 

U = N q j ,^e 2 /r o + K (C/r® + D/r®) - B(r Q ) + 0 Q \ (3) 

where the repulsive term, B(r Q ) = M^b^ e® (-r Q / + exp 

(-ar Q /pg). In equation (3), N q is the Avogadro number, r Q , the 

equilibrium interionic distance at 25°C in the solid solutions 

(obtained from the x-ray data in Table II. l), ot , , the Made lung constant 

of the particular structure, K, the van der Waals term multiplicant 

2 3 

of the modified Born model * , and G and D are the van der Waals 
constants# In the repulsive term B(r Q ), and are the numbers 
of nearest and next- to-ne are st neighbours, while b^, b g , A and 
are the four repulsive parameters; a is the ratio of the distance 
between the second nearest neighbours to that between the first rearest 
neighbours. All the relevant structural constants and van der Waals 
coefficients employed in the Bom calculations are shown in Table II. 2. 
Calculations employing equations (2) and (3) provide AU 3 * S at 25°G; 
the experimental A valuos (Table II.l) are at the transformation 
temperatures. Thus A I s ' S (25°C) would become zero at a slightly higher 
value of f » Since no transformation was noticed at f = 0.25, it may be 
taken that (25°C) approaches zero at this composition. 

By choosing various values of K along with the associated 
values of the repulsive parameters for CsGl and KG1 * An * was 
calculated as a function of f* It was found that Au* S becomes 
zero at different values of f depending on the value of K and the 
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TABLE II. 2 

van der Waals Coefficients and Other Structural Constants 
Employed in the Bom Treatment of CsCl Solid Solutions 


van der Waals Coefficients 



C ++ 

do" 

c +- 

•60 ' . 
ergs ) 



d ++ 

do" 76 

d +- 

ergs ) a 

d__ 

CsCl 

152 a 

512 b 

129 a 

164“ 


129 a 

98,6“ 

178 

250 

260 

KC1 

24. 8 a 

70,0 b 

19.2° 

23,0 d 

48 .0 a 
48, 6 b 
75.6° 
62. 4 d 


124. 5 a 

60. 5 b 

336. 0 C 

183. 0 d 

24 

73 

250 

CsBr 

I52 a 

5 12b 

163f 

257“ 


2i4 a 

242“ 

178 

340 

490 

Structural Constants 










M i 

M 2 ^ 

Q tf 

S 6 

S B 

q« 

o 

CsCl (Pm3m) 

structure 

1.76267 

8 

8 8.7088 

3.5445 

8.2077 

2.1476 

NaCl (Rii3m) 

structure 

1.74756 

6 

12 6.5952 

1.8067 

6.1457 

0.8002 


(a) Values from Mayer 9a 

(b) Values from Ha j j 9 

(c) Values (without field correction) from Lynch'*' 9 

(d) Values (with field correction) from Lynch 10 

( G ) Structural constants are taken from Jones and Ingham 10a « 
constants C and D are given by : 

^ ~ ^6°+- + °6 ^ C -H- c — * i/tyf 

D = s 8 d + ~ +s 8 + 


van der Waals 
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associated parameters (Hg. II. 3) . From the experimental results 
(Table II. l) It can be seen that ^U 3 * 3 becomes zero at f -^;0.25. 
This behaviour is best described when K is between 2.80 and 3.00 
(Fig. II. 3). The values of the repulsive parameters when K is 3.00 
are listed below: 


Repulsive parameters when K = 5 



h . 

b 2 

Pi 

Pz 


(erg mole” 1 ) 

(ergs mole -1 ) 

(cm) 

(cm) 

GsGl 

6447xl0“ 12 

795xl0~ 12 

0.367al0“ 8 

0.424x10' 

KG1 

3879xl0” 12 

35.6xl0” 12 

0.345x10” 8 

0.487x10' 


Those results indicate that the Bom-Mayer expression with four 

repulsive parameters accounts for the relative stabilities of the 

solid solutions of GsGl with KG1 or RbCl. It may be noted that the 

values of K which Is satisfactory for the phase transformation of 

solid solutions is considerably higher than that required to explain 

2 3 

the phase transformation of the pure alkali halides * . 

9 10 

Recently several workers * have proposed revised van der 

Waals coefficients in alkali halides which seem to eliminate the need 

for employing high van der Waals term multiplicant (K )> l) in explaining 

phase transitions In alkali halides^. It was considered worthwhile to 

examine the use of the new van der Waals coefficients in the study of 

the Pm3m-Fm3m transformations of the CsCl-K&l solid solutions* By 

9 

employing the van der Waals coefficients of Ha j j for CsGl, it was 
found that AU 8 * 8 becomes zero at r-'-f = 0.40j it may be pointed out 




0-0 0*2 0-4 


f(KCl) 

Fig. IX. 3. Variation of AU s,s *of CsCl-KCl solid solutions 
calculated employing various values of K for 
CsCl and KC1 ((the graphs correspond to Kc s Cl 
K. ir/ ^,= the value indicated). 
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, \ 9 

that K In equation (3) was unity when employing Haj j *s values 

(Table II. 2). If we employ the van der Waals parameters of Lynch ^ 

(without field correction) for KC1 (Table II. 2) along with Hajj’s 

values for GsGl A II s * 3 becomes zero at f 0.25 and we can essentially 

eliminate the use of K b 1. These results point out the need for 

an upward revision of van der Waals term In the Born-Mayer description 

of alkali halides. 

(b) CsCl-CsBr solid solutions 

The results from DTA and x-ray analysis are shown in ' 

Table II. 3* Typical differential thermograms are given in Fig. II. 1. 

It can be seen that the transformation temperature increases markedly 

with the percentage of CsBr, the trend continuing up to the melting 

point of the solid solution (—60$ CsBr) . Weijna and Arends Sa 

predict the transformation temperature for CsBr to be 880°G from 

thermodynamic considerations. The transformation temperatures 

4 5 

reported here essentially agree with those of earlier workers 9 . 

The AH of the transformation seems to vary little in these solid 

solutions. The ^ Fm3m rati _ 0 in solution with- 10$ 

r 

CsBr is : - 0.5, a value much less than in pure CsCl. 

Since CsBr has the same Pm3m structure as CsCl, it does not 
stabilize the Em3m structure of the solid solutions j accordingly, 
there is an increase in the a values of the Pm3m and Ba3m structures 
with increasing percentage of CsBr. On the other hand, in the solid 
solution of CsCl with KOI (or RbCl), the a Q values of b$& 'the 
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structures decrease with the increase in percentage of KC1 (or RbCl) . 

The change in the molar volume, A V, accompanying the Rn3m-Fm3m 

transformation (Table II. 3) decreases with increasing percentage of 

GsBr (Fig. 11,2), and at 50 % CsBr, the decrease in AV is about 14 %•, 

AY was expected to decrease with % GsBr on the basis of ionic size 
2 

considerations . This may mean that the transformation has a 

component of second or higher order in CsCl — CsBr solid solutions. 

The DTA peaks at high percentages of CsBr also become shallow (less 

sharp) compared to pure CsCl. The magnitude of thermal hysteresis, 

AT, decreases slightly with increasing percentage of CsBr, thus 

indirectly substantiating that the transformation has components 

of higher order; AT would be expected to decrease with % CsBr since 

It has been recently shown that AT is proportional to the AV of 

the transformation . Samples containing 50 % CsBr (or higher) 

showed evidence for the coexistence of the Pm3m and Fm3m phases In 

the transformation region (500-550°C) (Fig. II. 4) . The coexistence 

of phases and the formation of hybrid crystals have been noticed by 
13 

Ubbelohde in continuous or higher order transformations. 

In order to employ the Born treatment to explain the trans- 
formations of CsCl - CsBr solid solutions we were unable to obtain 

the repulsive parameters of CsBr as in the case of CsCl and other 
2 3 

alkali halides * , since CsBr itself does not undergo any phase 

transformation. Recently, however, the revised van der Waals coeffi- 

9 

cients of CsBr have been proposed by Hajj . Since the van der Waals 
coefficients of Hajj could satisfactorily describe the transformation 



RELATIVE INTENSITY 



Fig. II. 4. X-ray patterns of 30% CsBr, showing the coexistence 
of Pm3m and Fm3m phases around 505°C. 




45 


11 

of CsCl , we felt that his van der Waals coefficients for CsBr 
may also be satisfactory. The various structural constants and 
van der Waals coefficients employed for the calculations are shown 
in Table II. 2. The following method was employed to evaluate the 
repulsive parameters of OsBr: (i) the hardness parameters |'~i and 
p c are related by pg = a P ^ as proposed by Rao and Rao (ii) By 
making use of equation (4) for the lattice energy of CsBr, we can 
calculate (Sb^ + Sb^) Q 0 g r * (iii) pp can be obtained by dividing 
equation (6) by (5) followed by multiplication by r Q . 

p Pm3m _ | ,-(fe 2 /r 0 + C/r^ + D/r^ - + 6bg) exp(-r Q / f^) + jtfj 

L _J 

(4) 

^/r 0 + + 8D/r* - (V ft Oh, + ^ •*< 

= (3T/(2>)(av/^T) p (5)' 

II o ! 2c(e 2 /r 0 + 42G/r® + 72D/r® - (r 2 / p 2 ) (8^ + 6b g ) exp(-r 

i 

= (9V/p) 1+ (^)(^T) p + (T/p 2 ?) (c^p/a P) T ( Zv/b T) P 

+ (2T/3V)(^V/^T) p (6) 

The value of (8b^ + 6b g) thus calculated is 76867 x 10*"^ 2 

ergs mole The £U S * S of solid solutions of GsGl and GsBr were 

evaluated (equation l) for different values of bg (in the range 
—12—1 

0 to 900 x 10 erg molej . The r Q values of the Pm3m and IkSm 




structures were taken from the data in Table II. 3. The results 

of the calculations are shown diagrammatically in Fig. II. 5; the 

—IP -IP —1 

value of b^ and bg are 9257 x 10 ~ and 468 x 10 ergs mole 

respectively when (6bg/8b^ + 6bg) CsCl (®bg/8b^ + ®^g^CsBr* ^ 

can be seen that the II s * s remains nearly constant or varies 

slightly with the percentage of CsBr when bg is between 400 and 
-12 —1 

500 x 10 erg mole • Thus curves 3 and 4 of Fig. II. 5 nearly 
represent the experimental situation. 

The A U values of pure CsGl calculated from equation (2) 
(when f^Qj or f^^ = 0) differ slightly since the criterion 
employed in these calculations was that the AH^. at T^ of 'CsCl be 
equal to the experimental value. The AU of CsCl at laboratoiy 
temperature would, however, be higher than AU at T^. In spite of 
these minor differences it is heartening that the Bom model of 
ionic solids is as successful in describing the relative stabilities 
of structures of alkali halides in widely different situations as 
manifested presently ty the CsCl-KCl and CsCl-CsBr systems. 

(c) CsCl-SrClg solid solutions 

Although some doubt has been expressed with regard to the 
importance of vacancies in the mechanism of Pm3m-Fm3m transforma- 
tion in CsCl * , recent experimental and theoretical studies on 

Schottky defects in CsCl seem to Indicate that vacancies could also 
facilitate the Pm3m-Fm3m transformation in CsCl, to some extent. 

The formation energy of Schottky defects in Rn3m structure is half 




AU^KCals MOLE 



Fig. II. 5. Variation of AU S ‘ s * of CsCl -CsBr solid solutions 
of different b 2 values (in 10" 12 e rg mole" 1 ) : 1, 0; 
2 , 200;3, 500; 4, 468; 5, 600; 6, 800. 



of that in ErnSm structure. We have carried out some experimental 
studies on the formation energy of Schottky pairs in CsCl and the 
results are discussed in Chapter III of this thesis. The concen- 
tration of Schottky defects should therefore decrease after the 
Pm3m-Rn3m transformation. DTA studies on CsCl -with different 
amounts of Sr “ show that the transformation temperature decreases 
only slightly due to the vacancy concentration. 

Mole % Sr*^ in CsCl T^ (forward) (reverse) 

0 480°C 444°G 

2.5 475°C 444 °C 

5 474 °C 444 °C 

The results seem to indicate that Pm3m-Fm.3m transformation may 

15 

essentially proceed by a dilatational mechanism . The vacancies 
play a minor role. If any. In the mechanism of the transformation, 
in the nucleation step. 

11*8 EZPERIMaiTAL 

All the compounds were better than 99.99$ purity or of 

spectroscopic grade ( J & M or Alfa) . The preparation of solid 

(kb 

solutions as well^the procedure for recording the differential 
thermal analysis (DTA) curves are described in earlier publications 

p 12 

from this laboratory * . The detailed procedures to obtain 

enthalpies of transformation, AH tr (from DTA peak areas) and 

9 19 

activation energies, E , are also described earlier * 

0 . 
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, / -+V, r-nTC -l - radiation) 
The x-ray patterns were recorded Iwiun 

at different temperatures on a General Electric diffract 
(XRD-6) fitted with a high temperature camera, and a temp 
programmer. The a Q values of the Pm3m and Hn3m phases 
GsCl - KC1 solid solutions were determined at different tempera- 
tures, while the a Q values of the CsCl — CsBr solid solut' 
were determined at 25°C and 560°C respectively* 

ill the calculations employing the Born treatment we 

• J. q 

carried out on the IBM 1620 and IBM 7044 computers m 
Institute. 
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CHAPTER III 


IONIC CONDUCTIVITY IN CsCl AND ITS SOLID 
SOLUTIONS WITH KOI, RbCl AND CsBr 

Defect Energies, Migration Energies 
and Phase Transitions 


III.l INTRODUCTION 


Conductivity measurements on ionic solids provide valuable 

information regarding the activation energies for migration and 

1 2 

energies of formation of defects * . From the conductivity data on 

crystals doped with appropriate impurities (e.g«, Sr in NaCl) one 

can calculate the enthalpy of association between the impurity ion 
3,4 

and the vacancy . Most of the theoretical and experimental studies 

on defects in ionic solids are on alkali halides of NaCl (Flu3m) 

structure * and information on the defect energies in alkali halides 

j>**8 

of CsCl (Pm3m) structure is limited. Literature data indicate 
' that the Schottky formation energy, E S , in the Pm3m phase of CsCl 
is considerably lower than that generally found in alkali halides 
of Fm3m structure* We considered it interesting to experimentally 
evaluate the Schottky formation energies in the Pm3m and Fm3m phases 
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of CsGl by conductivity measurements on Sr - doped CsCl samples; 

3 +2 

this study would also provide the interaction energy between Sr^ s+ 

and the cation vacancy, ( v q s +)* Schottky formation energies in the 

Pm 3m and Fm3m phases of CsGl are of value to understand the mechanism 

9 10 

of the Pm3m-Fm3m transformation * (see Chapter II ) . 

The migration energy, if 1 , in alkali halides varies anywhere 
between 0.3 and 1 eV^*^. vie have now carried out conductivity 

4 * - 

measurements on solid solutions of CsCl with varying amounts of K Hb 

and Br” ions to examine the effect of these additives on if 1 ; we would 

s 

expect some effect due to the differences in ionic sizes. E values 

4* 4* 

would also be different since Rb and K ions stabilize the Fm3m 

phase of CsCl at a fixed composition, while Br” enhances the Pm3m- 

Rn3m transformation temperature of CsCl (see Chapter II) . In this 

11 

context we find that the recent study of Nijboer and Arends on 

+ + - 

solid solutions of CsCl with K , Rb and Br is not conclusive and 
calls for a reinvestigation of the problem; these workers have 
measured conductivities over narrow ranges of composition (^10% of 
the additive ions) and have not reported data at low temperatures 
(extrinsic region) which provide direct information on if 1 . We ■ 
considered it worthwhile carrying out the measurements over a wider 
composition range including the solid solutions where the Rn3m 
structure gets stabilized. 
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III.2 RESULTS MD DIOPSSION 

( a) Schottky formation energy in CsGI 

Plots of log cr~ vs l/T of pure CsCl and GsCl doped with 
+2 

different amounts of Sr are shown in Fig. III.l. The conductivity 

data in the extrinsic region (at lower temperatures) give the cation 

migration energy, Ep, to he 0,6 eV (Table III.l) in the Pm3m phase. 

c 

8 1 1 lO -|r ■■ 

This compares well with the literature values * * for IT in CsCl. 

c 

The conductivity data in Fig. III.l clearly show the evidence for 
the Pm3m-Fm3m transformation in CsCl. The transformation temperature 
does not vary significantly with the incorporation of Sr (see 
Chapter Il)„ The slope of the log cr vs l/T plot (Fig. III.l) in 
the intrinsic region (prior to the Pm3m-Rn3m transition) gives 
(Ep + E S /s) where Ep corresponds to the anion migration energy which 

ci cl 

7 13 

is known to be considerably lower , (—0.3 eV) than the cation 

migration energy, Ep. The E S in the Pm3m phase 'of CsCl thus calculated 
is 1.4 eV. The experimental^ and theoretical®’ values 
reported in the literature (Table III. 2) vary between 1.2 and 1.9 eV, 
a majority of the data favouring a lower E s value for the Pm3m phase. 

At the temperature where CsCl transforms to the Pm3m structure, 

there is a marked decrease in conductivity (Fig. III.l) This 

decrease is likely to be due to an increase in the volume accompanying 

the transitions further, the Schottky formation energy, E s , is also 

5 6 

likely to be larger in the Fm3m phase * . The slope of the log cr vs 
l/T plot (Fig. III.l) beyond the transformation temperature is 




-J I L 

2.5 2-0 1.5 

1000/T 

Fig. III. 1. Logo- vs 1/T plots of pure and Sr +2 doped 
CsCl polycrystalline samples;(l) 5xl0“ 2 
mole Sr +2 (2) 5xl0 -3 mole Sr +2 (3) 5xl0“ 4 
mole Sr +2 (4) pure (99.99%) CsCl. 
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TABLE III.l 

Defect Energies (in eV) in CsCl (doped with Sr ) 


Mole % Sr +2 

T o r\ 

E? 1 

c 

E s(a) 

E (itaSm)^ 

0 

480 

0.6 

1.4 

2.0 + 0.1 

5 x 10"° 

480 

0.6 

1.4 

2.1 + 0*1 

5 x 10 -2 

480 

0.6 

1.4 

2.2 + 0.1 

2.5 

475 

0.6 

1.4 

2.0 + 0.1 


(a) These values are obtained by assuming the anion migration energy 
to be . — ■ 0.3 eV. 

(b) These are the slopes of the log <r~ vs l/T plots for the Rn3m 
phase. 
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TABLE III. 2 

Literature Data on the Defect Energies (eV) in Cesium Chloride 


Pm5m structure 


Tfa5m structure 


Experimental 


0o60 12 

w 

0.60 

0.64 8 

0 . 73 ^ 




0.30' : 


0.34" 


1 . 10 12 

1.40 


Theoretical Experimental Theoretical 



» 

1.3 (a) 

14 

1.65^ 


1.96 6 

1.80 

* 

2.0 

7 

2.05 

2.60^ 


5.50^ 


* Present study. 

(a) J. Arends, phys. stat. solidi., 24, K219 (1967). 
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2.0 eV (Table III.l) . Even if we assume the migration energy, 

E? 1 , to be about 1 eV, the E° will turn out to be 2.0 eV, a value 

s 

which is close to the E in alkali halides of Em3m structure such as 
NaCl and KCl^’ 2 ’ 5 . 

-j. g _ 

(b) Enthalpy of association of Sr Cg+ and v g g + 

-J-0 

Sr ions in GsGl can form complexes with the cation 
vacancies. The equilibrium constant for the association at any 
temperature leading to the ground state configuration of the complex, 

+2 — ~i 

Srg g + Vq 4 . [ , can be calculated following the procedure of Efczel and 
3 

Maurer » By evaluating equilibrium constants at several temperatures, 

we obtain the enthalpy of association of the complex. The association 

enthalpy evaluated in the case of CsGl doped with Sr is 0.40 +0.02 eV 

in the Pmom phase. On applying Debye-Huckel corrections to account 

4 

for long range interactions, following the procedure of Lidiard , we 
find the enthalpy of association to be 0.48 + 0.04 eV in the Fm3m 
phase. We have estimated the association enthalpy in the Fm3m phase 
of CsGl to be 0.35 + 0.02 eV (in the range 500-550°C) , a value 
which is less than that found in the Pm3m phase of CsGl. 

(c) .Solid Solutions of QsCl with KC 1 , RbCl and OsBr 

The cation migration energies in solid solutions of CsCl 
with EG1 and RbCl were estimated from the conductivity data in. the 
extrinsic region (Figs. III . 2 and 3). The migration energies in the 
Pm3m phase of the solid solutions varies between 0.60 and 0.65 eV 
(Table 111,3). The solid solution with 30$ KC1 is stabilized in the 





Fig. III. 2. Logo” vs I/T plots of solid solutions of 
CsCI with (I) 2.5% KC1 and (2) 30% KCI. 




Fig. III. 3. Logcrvs 1/T plots of solid solutions of 

CsCl with (1) 2. 5 % RbCl and (2) 35%RbCl. 
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TABLE III. 5 

Defect energies (in eV) in Solid Solutions 


of 

CsCl with KOI, 

RbCl and GsBr 



Mole % KG1 

Structure 

V °C 

c 

E* (a) 





0 

Pm3m 

480 

0.65 

1.4 

*.sM 

Pm3m 

470 

0.65 

1.4 

7.5^°' 

Pm3m 

471 

0.65 

1.4 

10.0^ 

Pm3m 

470 

0.63 

1.4 

20.0^ 

Pm3m 

472 

0.60 

1.4 

30.0^ 

Em3m 

- 

0.40 

2.0 

Mole % RbCl 

2.5^ b ' 

Pm3m 

470 

0.55 

1.4 

7.5 (b) (c) (d) 

Pm3m 

467 

0.55 

1.4 

20.0^ 

Pm3m 

470 

0.45 

1.4 

35.0^ 

En3m 

- 

0.40 

1.8 

Mole % CsBr 






Pm3m 

490 

0.62 

2.0 

30 ^ 

PmSm 

510 

0.60 

2.0 

( a) E s values 

are calculated by assuming the 

anion migration energy 


to be . — - 0.3 el, 

(b) Pm.3m-Em.3m transformation is reversible. 

(c) Pm3m-Ra3m transformations are irreversible. 

(d) No Pm3m-Em3m transformation. The stable room temperature phase 
is Em3m. 
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FmSm structure even at the laboratory temperature (see Chapter II); 

the conductivity data in the extrinsic region of this solid solution 

gives a value of iP of 0.40 eV. The values of E® show a decreasing 

4 ” 

trend with the incorporation of K as one would expect on the basis 
of ionic size considerations. The more interesting aspect of these 
studies is that the value of E s remains constant at 1.4 eV in the 
CsCl-KCl solid solutions upto 20$ KC1 where the structure is Pm3m. 

In the 30/' KOI solid solution where the structure is Fm3m, the E° 
value is .-■'2.0 eV, close to the value of Ep in pure as well 

as in the Fra 3m phase of GsCl. 

The migration energies of RbCl solid solutions are slightly 

lower than the KC1 solid solutions, contrary to expectations. The 

E 111 values decrease with % RbCl similar to the behaviour of KC1 solid 
c 

solutions. The E s in the solid solutions of Pm3m structure (-upto 
20$ RbCl) is 1.4 eV just as in pure CsCl. The E s in the 35$ RbCl 
solid solution which occurs in the Fm3m structure is, however, very 
much larger. These studies clearly show that the Schottky formation 
energies are very sensitive to structure. 

From the conductivity data on the solid solutions of CsCl 

with KG1 and RbCl, we can calculate the preexponential factors , A. 

4 “ + 

Tfe find that A decreases with $ K or Rb in the solid solutions. 

4* 4" 

K has a greater effect than Rb on the magnitude of A. These 

effects are undoubtedly related to the changes in the frequency 

spectrum of the lattice vibrations. 


* Note that cr~= A exp (-VM 1 ) 
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The conductivity data on KC1 and RbCl solid solutions show 

the Pra3m~Pk5m transformations clearly and the data are in agreement 

with the findings from differential thermal analysis and x-ray 

diffraction studies^ (see Chapter II) . The present results, however, 

16 

differ from the observations of Weijma and Arends^ who report the 
stabilization of the Fmon phase of CsCl at a much lower percentage 
of XG1 ( -~-10$ KCl) * The conductivity data of the solid solutions 
with KCl and RbCl (Figs. III. 2 and 3) after the phase transition 
show slopes of about 2.0 eV. We are unable to obtain Schottky energy 
In the Fmom phases of these solid solutions due to lack of adequate 
data on E . We feel that the lower limit of E value in the Fm3m 
phases of these solid solutions is ^ 2.0 o V. 

The solid solutions of CsCl with CsBr (Fig. III. 4) are of 

Pm3m structure throughout the composition (see Chapter II) . The if 1 

c 

s 

essentially remains constant while E increases with the incorpora- 
tion of Bi“ (Table III.3). The E S in 30$ CsBr is ~ 2.0 eV; the E S 
in pure CsBr has been reported to be ^2.0 eV 17 . Unlike in KCl and 
RbCl solid solutions, the preexponential factor. A, in the CsBr solid 
solutions increases with % Br”*. 

I II. 3 EXPERIMENTAL 

CsCl, KCl, RbCl and CsBr were of spectroscopic grade. The 
solid solutions were prepared from aqueous solutions containing 
appropriate amounts of CsCl and the respective alkali halide. 



2*5 


2*0 

1000/T 


• 5 


Fig. III. 4. 


Logcrvs 1/T plots of solid s 
of CsCl with (1) 10% CsBr an 
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Conductivity measurements were made on a General Radio 

impedance bridge (1608- A) employing stabilized voltage. The 

temperature was measured by employing Leeds & Korthrup millivolt 

potentiometer to an accuracy of + 1°. The samples were made into 

pellets of 1.30 cm dia. and ••-'0.2 cm thick and held between two 

platinum discs (of 1.3 cm dia.), supported by a spring load in the 

IB 

conductivity cell described elsewhere 
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CHAPTER IV 


PHASE TRANSITIONS OF SILVER HALIDES 



CHAPTER 17 


PHASE TRANSITIONS OF SILVER HALIDES 


17.1 INTRODUCTION 

Silver iodide is known to exhibit as many as six polymorphic 

forms'^; of these the most important are the B3 (cubic ZnS or 

sphalerite form) and B4 (hexagonal ZnS or wurtzite type) forms which 

are stable at ordinary temperatures and pressure. Many workers 

suggest that B4 is the stable phase while B3 is a metastable one* 

The B3 and B4 phases (of space groups F43m and P6,.mc respectively) 

are polytypes and their structures have been discussed at some 

3 4 

length by Schneer and others * . The structures differ only in the 

4 

stacking of the layers of iodine and silver atoms * The existence 

5 -4 

of the B3 polytype has been questioned by Majumdar and Roy * Burley , 
however, reports that B3 transforms to B4 at measurable rates in 

g 

the temperature range 120-140°C. Schneer and Whiting have suggested 
that the B3 B4 transformation is athermal. 

Agl (B3 or/and B4) transforms to the cubic B23 structure 
at r*v-i46°G * • The B23 structure consists of a space centred lattice 
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J O 

of iodine atoms in which the silver atoms are randomly distributed ? 

the random structure may be considered as an average between the two 

structures of space groups Im3m and I4m2 (c/a = l) , We have 

presently prepared pure Agl in the B3 and B4 forms and examined ' 

their transitions to the B23 structure. The phase transitions of 

Agl are of significance because of its structural analogy with Zn S, 

SiC, CdS and other related compounds. We were particularly 

interested in the following aspects of Agl: (i) x-ray diffraction 

data and crystallography of pure B3 and B4 phases, (ii) evidence 

for the B3 — >B4 transition, if ary, and (iii) transitions of B3 

and B4 phases to the B23 phase- Further, we were also interested 

to find out the applicability of the Born model of ionic solids to 

the study of phase transitions of Agl, AgBr and AgCl. We may note 

here that Agl undergoes several pressure transitions including one 

to the had structure ’ . (B1 form, Em3m) . AgCl and AgBr which 

normally exist in the B1 structure undergo pressure transitions to 

the CsCl structure (B2 form, Pm3m) 9 . In this laboratory, we have 

had fair success in explaining the Pm3m-Fm3m transoformations of 

10-12 

alkali halides by employing the Born treatment . 

Agl is known to form solid solutions with AgBr, the struc- 
ture of the solid solution depending on the composition and 
13-17 

temperature • There is considerable disagreement among the 
13-17 

various reports on the solid solutions* Thus, Stasiw and 

15 

Teltow observe that upto 50$ AgBr can be replaced by Agl in the 

17 

B1 structure, while Knaggs and co workers report, that tpto 80$ 
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16 

of Agl enters into Bl structure, Cugnac and coworkers find 
that the a parameter of the B4 form of Agl decreases upto 5 % of 
AgBr, above which composition the Bl structure of Agl becomes 
stable. We considered it interesting to examine the structures of 
the solid solutions of Agl and AgBr as well as their phase transi- 
tions, Besides obtaining these data related to Agl-AgBr phase 
diagram, we wanted to see whether the Bom treatment of ionic solids 
could explain the stabilization of specific phases of the solid 
solutions * 

IV.2 RESULTS AND DISCUSSION 

(a) Crystal structure and phase transitions of Agl 

X— ray diffraction data on the pure B3 and B4 phases as 
well as of the precipitate of Agl clearly show that the precipitate 
consists of mixture of B3 and B4 phases (Table IV.l). It can be 
seen from Fig, 17,1 that the most intense reflections of the B3 and 
B4 phase are found at about the same angles; it is, however, not 
difficult to distinguish the B4 form from the B3 form. The relative 
intensities of the B3 and B4 forms presently fourd (Table IV.l) 

agree well with those reported in the NBS monographs 18 . We do not 

10 18 
agree with Berry who suggests that the NBS x-ray intensities of 

the B4 reflections may be erroneous because of admixture with 

the B3 form. 

The colour of the B4 phase is bright yellow while that of 

19 

B3 is orange-red due to the differences in exciton band positions « 




Fig. IV. 1 X-ray powder diffraction patterns of pure B3, pure B4 
and precipitated Agl at 25 °C. The pattern of the high 
temperature B23 phase at 170°C is also shown. 
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TABLE IV.l 

X-ray Diffraction Data of B3 and B4 forms 
as well as Precipitated Silver Iodide 


B£ 

29 

- Ael^ 
^el. 

0*1) 

BS - 

29 I rel. 

1 

(hid) 

B3 + B4 mixture 
from precipitation 

20 4i. 

22,32 

48 

100 



22.32 

10 

23.70 

100 

002 

23.70 100 

111 

23.70 

100 

25.36 

20 

101 



25.36 

5 

32.78 

12 

102 



32.80 

5 

39.20 

88 

no 

39.12 58 

220 

39.22 

100 

42.64 

25 

103 



42.65 

10 

45.54 

10 

200 



45.54 

4 

46.28 

58 

112 

46.30 28 

311 

46.30 

69 

47.24 

16 

201 



47.20 

12 

51.99 

7 

202 

56.80 9 

400 

56.80 

8 




62.30 10 

331 

62.40 

12 

62.98 

5 

211 



A Q 



(a) a = 4.591 %, a = 7.498 % (Literature values^ 9 . 


a = 4.592 i, c = 7.510 1) 

(b) a = 6.495 1 (Literature value^ 8 , a = 6.495 %) . 
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The far infrared spectra of the two phases show little difference 

—1 

in the positions of the bands; both show bands at .*^112 and ~ 94 cm , 

20 

in agreement with the earlier report of Bottger and Geddes » 

The differential thermal analysis (DTA) curves (Fig. IV. 2) 

of the B3 and B4 forms (as well of the precipitate of Agl containing 

both the phases) show reversible transformations at 140 to 146°G. 

The structure of the high temperature phase was ascertained to be 

B23 by x-ray analysis (Fig. IV. l). It can be seen from Fig. IV. 2 

that there is no marked difference in the DTA curves of B3 and B4 

phases . Specifically, there is no indication of the B3 — » B4 

transition in the DTA curve of the B3 form of Agl; this was the case 

at all rates of heating (2°-16° min - ^) . We also failed to notice 

ary evidence for the B4 phase in the high temperature x-ray patterns 

of B3 in the 120-145°C range. The enthalpies of transitions of B3 

21 

and B4 forms calculated from the DTA peak areas were found to be 
1500 and 1600 calories per mole respectively, suggesting that the 
B3 — * B4 transition (if it occurs at all) is associated with a very 
small enthalpy change ('—100 cals mole**' 1 ) ; apparently the B4 phase 
of Agl is thermodynamically more stable than the B3 phase. The 
activation energies of the transitions of B3 and B4 foims (to B23) 

calculated from the DTA curves (Fig. IV. 2) are 117 + 10 and 

—1 

124 + 10 kcal mole respectively; these two E & values are quite 

4 

comparable. The E o value reported by Burley for the B3— ■> B4 

cl 

-l 

transformation is, on the otherhand, 10.3 + 0.8 Kcal mole * We 
find it difficult to understand Burley's results , since our studies 




120 160 
TEMP. °C 


Fig.IV.2. DTA curves of pure B3, pure B4 and precipitated 

Agl (at 16°/minute heating rate). Full line indicates 
the forward transition while the broken line indi- 
cates the reverse transition. 
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indicate that the B5 — => B4 transformation is not a well-defined 

first order transformation. We are not even sure that B3 transforms 

to B23 through the B4 intermediate. It appears that the B3' — > B4 

transformation is more likely to be higher order athermal transition 

3 6 

as suspected by Schneer * . Accordingly, the molar volumes of the 
B3 and B4 phases are quite close (41.23 and 41.22 c.c. respectively). 

We have also followed the phase transitions of B3 and B4 by 
electrical conductivity measurements. The results (Fig. IV.3) 
clearly show that both B3 and B4 transform to the same phase (B23) 
although there is some indication of the B3 — => B4 transition prior 
to the transformation to the B23 phase. The energies of activation 
for conduction In the B3 and B4 phases are .*>0.20 and'--' 0.60 eV 

respectively. The conductivity results are in general agreement with 

22 

those reported by Takahashi and coworkers . The lower energy of 
activation for conduction in the B3 phase is possibly associated 
with the larger concentration of defects in the cubic structure. 

(b) Born treatment of the phase transitions of silver halides 

In order the employ the Born model for the study of the 
phase transitions of silver halides It is necessary to have the 
appropriate repulsive parameters and other terms in the potential 
energy expressions for these solids.. The repulsive parameters can 
be obtained by making use of the known physical data such as the 
lattice energies U, compressibilities and thermal expansion 
coefficients , , of the stable phases • The repulsive parameters 



lOOO/T 


Fig. IV . 3 Plot of the logarithm of a.c. conductivity of B3 and 

B4 A gl against the reciprocal of absolute temperature. 
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so calculated should account for the phase transitions of the silver 
halides as well. For this purpose, we have employed the two para- 
meter repulsive term (including only the nearest neighbour inter- 
actions) in the Bom expression for the potential energy of the 
solid: 

U ~ oLq^/t + K (C/r^ + D/rb -Mb exp (-r/ p ) + (l) 

In equation (l) b and p are the two repulsive parameters,^ is 

the Madelung constant, r is the equilibrium interionic distance, 

0 o is the zero point energy, C and D are the van der Waals constants 

for the dipole-dipole and dipole-quadrupole interactions respectively 

and M is the number of nearest neighbours. K is the van der Waals 

term multiplicant proposed earlier by Rao and coworkers^ ,; ^> the 

need for employing K> 1 in many alkali halides has been 
10-12 

established . Unlike in alkali halides, we could not employ 
the three or four -parameter repulsive terms due to the lack of 
sufficient data needed for the evaluation of these parameters. 

The various terms as well as the physical data required 
for the calculation of the repulsive parameters of silver halides 
are given in Table IV. 2 . The van dor Waals constants C and D 
are obtained from the values of the coefficients c^, c + _,c , 

23 

d| 1 1 d + and d and the corresponding lattice sums from Mayer . 

In the case of AgCl, the revised ’ r an der Waals constant proposed 
by Iynch*^ (with and without field correction) was also employed 
in addition to Mayer’s value, to calculate the repulsive 
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TABLE 17.2 

Data Snployed for Evaluation of the 

(a) 

Repulsive Parameters of Silver Halides' 





AeCl (Bl) AeBr. (Bl) 

MI (BS) 

Lattice energy, U(kc’als mole ) 


203 

197 

190 

Interionic distance, r (&) 


2.772 

2.884 

2.812 

c^ (l0~ 60 ergs) 



67 

67 

67 

c -_ 



133 

208 

437 

c +_ 



89 

109 

151 

d^ (lO" 76 ergs) 



91 

91 

91 

d__ _ 



268 

475 

1228 

d +- 



150 

199 

315 

Gompressibility, (lO -1 ^ 

2 - 
cm dyne 


2.4 

2.75 

4.11 

Thermal exp. coefficient. 

p (10~ 5 deg" 1 ) 

9.89 

10.40 

ll/»34 

fb} 

Structural Constants' ' 


Bl 

B2 


B3 

Lattice Sums, 

S 6 

6.5950 

8.7088 


4.3540 



1.8070 

3.5445 


0.7620 


% 

6.1460 

8.2077 


4.1040 


4 ' 

0.8000 

2.1476 


0.2530 

Made lung Constant, 

ot 

1.74756 

1.76267 

1.63805 

23 

(a) Cj t d [ | etc., are from Mayer 






* 9 

U and r are from Huggins 

gig 

Cb) Structural constants are from Jones and Ingham * 
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parameters. The structural constants, viz. , the lattice sums etc., 

25 

and the Made lung constants were taken from Jones and Ingham . 


In order to evaluate the repulsive parameters b and p 
we need another equation besides the lattice energy expression (l) • 
¥e can obtain such relations by the differentiation of the lattice 
energy expression with respect to r as shown below: 

“1 


r( dU/dr) = - 


[ jo4 e /r + K ( 6G/r + 8D/r )-(Mb/p ) exp (-r/p) 


( 2 ) 


r 2 (d 2 lj/dr 2 ) = (2c^e 2 /r) + K(42C/r 6 + 72D/r 8 ) -(r 2 !^/ p 2 ) exp(~r/p ) 

(3) 

The left hand side of equation (2) is equal to 5V(P-T<p/j2> ) , a result 
obtained from the vibrational Hildebrand relation and its volume 
derivative*' . The term r (d u/dr ) in equation (3) is given by 
( 9 v //3 ) + 6V(P-T r p/j5 ) also obtained from the Hildebrand relations 28 . 
These equations apply to the static crystal and so P and T refer to 
the normal pressure and temperature, p and p) are the compressibility 
and coefficient of volume expansion of the stable phase and V is the 
molar volume of the solid. Equations (2) and (3) can be written in 
a convenient form as shown below: 


l/p 


rM b exp(-r/p ) 


= SL 


i/f 


r^ b exp(-r/p) 


= S_ 


(4) 

(5) 
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where 

5 1 = c&e 2 /r + K(6C/r 6 + 8D/r 8 ) - 5V (P-T. rp/j3) 

5 2 = 2c\e 2 /r + (433 /r 6 + 72D/r 8 ) - (9V/jp) + 

Prom equations (4) and (5) the value of P can be obtained 
since, p= (Sg/S^)r. The value of p obtained can be fed into any 
one of the equations (l) , (2) or (3) to calculate b. The values 
of P and b may thus be calculated for various assumed values of 
K>1. 

In the case of Agl, the van der Waals constants C and D 
are not available for the hexagonal structure; hence we have calcu- 
lated b and p for the B3 phase of Agl (Table IV. 2). An attempt to 
derive the repulsive parameters for Agl employing the thermal 
transformation data was difficult because of uncertainties in some 
of the physical data. 

The repulsive parameters obtained for the B1 phases of 

AgCl and AgBr as -well as for the B3 phase of Agl are listed in 

Table IV. 3. In the case of AgCl, wo have obtained the parameters 

23 

for three different van der Waals coefficients. Mayer long ago 

»~8 

suggested the P (in 10" cm) values of AgCl, AgBr and Agl to be 

0.247, 0.271 and 0.260 i respectively. From our solutions in 

Table IV, 3 -we see that these p values of the silver halides are 

23 

obtained when we employ Mayer's van der Waals coefficients with 
K between 1.0 and 1.8. These results show the need for slightly 
increased van der Waals terms in the cose of AgBr and Agl, In order 
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Repulsive Parameters, b and P for Silver Halides 
(b in 1C f ^ ergs mole - ^j /° in 10” 8 cm) 
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to pick -unit sets of solutions for the silver halides -we calculated 

the lattice energies of the stable phases and found that the para- 

motors listed in Table IV. 4 satisfactorily account for the experi- 

27 

mental lattice energies reported by Tosi . We shall now examine 
whether those repulsive parameters also account for the phase 
transitions of silver halides. 

pg 

The early studios of Bridgmann showed that AgGl and AgBr 

transformed from the B1 structure to the B2 structure at ~ 88 and 

--84 kbars respectively; there have been some modifications of 

29 30 

Bridgmann T s results recently ’ • We have calculated the lattice 

energies of the B2 and B3 phases of AgGl and AgBr employing the 
repulsive parameters in Table IV. 4 and the interionic distances of 

9 

Huggins . The lattice energies so calculated are shown in Table IV. 5. 
The lattice energy differences between the B1 and B2 phases of AgGl 
and AgBr so calculated are 3800 + 1000 and 9000 + 1000 calories per 
mole respectively. These values are not unsatisfactory considering 
the large uncertainties in the experimental data reported in the 
literature . 

The difference in the lattice energies of the Bl and B3 

-1 

phases of Agl is calculated to be 2300 cals mole . This is in good 
agreement with the experimental transition energy of 1500 + 500 cals 

—1 If 

mole y calculated on the assumption that the transition pressure 

* There is some disagreement in the data on the pressure transitions 
of Agl as can be seen from the papers of Piermarini and Wier^S, 
Shock and Jamieson^, Basset and Takahashi*-, Adams. and Davis ^ 
and Jacobs^. 



TABLE IV .4 


Repulsive Parameters Satisfying the Experimental 
Lattice Energies of Silver Halides 



K b 

(1C)" 12 ergs mole - ^) 

f> (a) 
(l0“ 8 cm) 

Lattice Energy 

A 

(keals mole ) 


Mayer 1.1 

17832 

0.250 

214.1 




(0.247) 

(213.6) 

AgCl 

Lynch 1^ 1.2 

18200 

0.255 

213.9 

(Bl) 

Lynch II ^ 1.3 

12305 

0.267 

213.8 

IgBr 

Mayer 1.3 

16645 

0.270 

210.4 

(Bl) 



(0.271) 

(210.2) 

Agl 

Mayer 1.3 

47395 

0.242 

208.7 

(B3) 



(0.260) 

(208.1) 

(a) (. 

23 

1 values in parentheses are from Mayer 




Cb) Tosi's reported experimental lattice energies are given in parentheses, 
(c) See Table IV. 3 foot note (a). 
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TABLE IV. 5 

Lattice Energies (in kcals mole - ^) of the 

(a.) 

Bl, B2 and B5 Phases of Silver Halides' 



Bl 

B2 

B3 

AgCl 

214.1 

(215.6) b 

210.3 

200.3 

AgBr 

210.4 

201.4 

194.4 

(210. 2) b 



Agl 

206.4 

209.9 

208.7 

(208.1) 


(a.) Values obtained with Mayer’s van der Waals coefficients 
(Table IV. a); Mayer’s b and p are taken from Table IV. 4. 

2 7 

(b) The values in parentheses are from Tosi . 
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i OQ Xl 

is about 3-5 kilobars^ 5 * . We have calculated the lattice 

energy of the B2 phase of Agl assuming that this is close to the 
high temperature B23 structure. The lattice energy difference 
between the B3 and B2 phases of Agl is 1200 + 200 cals mole""^. 
Considering the gross assumptions made in these calculations, we 
feel that the Born treatment is fairly satisfactory in explaining 
the phase transitions of silver halides. 

(c) Structures and phase transitions of Agl-AgBr solid solutions 

The crystal structure data on the solid solutions of Agl 
and AgBr are given in Table IV. 6. The diffractometer traces of a 
feu solid solutions at 25°C, are shown in Fig. IV. 4. It is seen that 
the lattice parameters of the B4 and B3 forms of Agl decrease 
(Table IV. 6) upto 10-15$ AgBr and remain constant for higher 
percentages of AgBr. This indicates that AgBr probably enters into 

solid solution with Agl either in the B3 or B4 form upto about 

* 

10-15$ AgBr. Above 15$ AgBr, the x-ray lines due to the Bl phase 
start appearing, the intensities of the Bl reflections Increasing 
with $ AgBr. On the high AgBr side, incorporation of Agl increases 
the lattice constant of the Bl phase upto about 25-30$ Agl (Table IV.6), 
possibly indicating the formation of a solid solution of Bl structure 
upto this composition. Extrapolation of the Bl lattice parameter of 

* It is particularly interesting to see a drastic decrease in the c 
parameter of the solid solution containing ^'-•10$ AgBr; the cause 
for this is not clear. 

We also obtained the lattice parameters, of the B3 forms of the' 
solid solutions by grinding the precipitates. We found that the 
formation of the B3 phase by grinding was more difficult in the case 
of solid solutions compared to pure Agl. 


_ 50 7. AgBr AT 25 °C 

CD 





Fig. IV. 4 X-ray powder diffraction patterns of Agl-AgBr solid 

solutions at 25°C, showing the appearance of B1 phase 
above <“-'10% AgBr. 
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TABLE IV. 6 

Crystal Structure Data on the 
Solid Solutions of Agl - AgBr 


Mole % AgBr 

B4 

0 

a, A 

c, 1 

B3 

jkJ L 

B23^ 
a, 1 

B1 

a, % 

0 

4.591 

7.498 

6.495 

5.074 

(6.10) 

5 

4.581 

5.568 

6.463 

5.040 

5.910 

8 

4.580 

4.932 

6.452 

5.007 

5.910 

10 

4.581 

3.860 

6.442 

5.000 

5.910 

15 

4.581 

5.090 

6.442 

4.987 

5.920 

25 

4.580 

5.080 

6.441 

4.987 

5.920 

50 

4.581 

5.060 

6.442 

4.987 

5.896 

75 

4.581 

5.080 

6.441 

4.987 

5.860 

(a) At 170°C 

(b) The value 

of 6.10 1 for 

pure Agl is the extrapolated 

value. 


(b) 
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O 

the solid solution gives a value of a ^ 6.10 A which is close to 

the expected value of the lattice constant of pure Agl in EL 

„ 52 

form . 

The DTA curves of a few solid solutions are shown in 
Fig. IV. 5 and the transition enthalpies are listed in Table IV. 7. 

It can be seen that the DTA peaks appear distinctly at least upto 
75/5 AgBr, the peak area decreasing with % AgBr. Obviously, the 
proportion of the Agl-AgBr solid solution (of the approximate 
composition Aglg g BrQ decreases with increasing % AgBr. On the 
basis of the DTA peak areas we can roughly estimate the % solid 
solution of this composition as a function of % AgBr (Table IV. 7) . 
There is a slight increase in the thermal hysteresis with % AgBr; the • 
volume change, A V, accompanying the B3 — > B23 transition also slightly 
increases with increasing AgBr content in the solid solutions. A V 
is maximum at 10$ AgBr. 

X-ray diffraction patterns of the solid solutions distinctly 
show the reflections due to the B23 phase after the transition 
temperature (Fig. IV. 6). The high temperature pattern consists of 
lines only due to the B1 and B23 phases as expected. The lattice 
parameter of the B23 phase of the solid solution decreases upto ' 
about 15$ AgBr, again confirming that the solid solution limit 
persists in this high temperature phase as well. 

We can readily construct a partial phase diagram of the 
Agl-AgBr system with the aid of the following experimental observa- 



lOO 140 

TEMPERATURE, °C 

Fig. IV . 5 DTA curves of Agl-AgBr solid solutions. Full line 
represents the forward transition while the broken 
line indicates the reverse transition. 
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TABLE IV. 7 

Transformation data on Agl - AgBr Solid Solutions 


Mole % AgBr T. (forward) , °C A H (cals mole" ) Approximate 

° fraction of solid 

solution 


0 

146 (25) ^ 

2000 

— 

nr, 

u 

132 (30) 

1900 


10 

130 (30) 

1670 

1.00 

15 

128 (30) 

1560 

0.93 

25 

128 (30) 

1500 

0.89 

50 

126 (30) 

316 

0.60 

75 

122 (30) 

175 

0.10 

The 

thermal hysteresis values 

are given in parentheses. 



Cb) AH values are for the composition Agl^^Br^.. 

(c) The values are estimated from the ratio of the AH values with 
respect to the A H of 10$ AgBr. 




40° 30° 

20 

Fig. IV. 6 X-ray powder diffraction patterns of Agl-AgBr solid 
solutions above transition temperature showing the 
presence of B1 and B23 structures. 
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tions: (i) AgBr enters into solid solution with Agl upto .^± 5 % 
in the B3/B4 and B23 phases, (ii) Agl enters into solid solution 
with AgBr in the B1 phase upto Z5% (iii) the temperature of 
transition of the B3/B4 phase of the solid solutions (to the B23 
phase) are available from the DTA curves. Above the transition 
temperature, B1 and B23 phases exist upto — 80$ AgBr. There is a 
minor inconsistency in our observations from the DTA and x-ray- 
studies in that at 75$ AgBr we still see the transition of 
B3/B4 to B23 (Fig. IV. 5) even though x-ray patterns show formation 
of good solid solutions of B1 structure. The x-ray patterns 
however, have some weak reflections of B3/B4 phases of solid 
solutions, even at 75$ AgBr. These difficulties may be due the 
nonequilibrium nature of the precipitates, (iv) The percentage 
of the solid solution of the approximate composition Agl^ gBr^ ^ 
estimated from the relative DTA peak areas may be employed to show 
the composition limits of the two solid solutions on the high and 
low AgBr sides of the phase diagram, (v) Melting points were 
determined by DTA curves and the eutectic temperature (minimum 
melting point) was found to be 340°C at 68$ AgBr. 

The partial phase diagram constructed with the above data 
is shown in Fig. IV. 7; the broken lines are shown in the diagram 
to indicate that we do not know the exact position of these lines. 

The phase diagram shown in Fig. IV. 7 differs from that of Stasiw and 

15 15 

Teltow • We feel that the phase diagram by Stasiw and Teltow , 

not only fails to conform to the experimental observations on the 



MOLE */. 


Fig. IV. 7. Partial phase diagram of the Agl-AgBr system 
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solid solutions, but also contradicts the accepted males in 
constructing phase diagrams. The eutectic point reported by 
them is also in error. 


( c ) Born treatment of the Agl-AgBr solid solutions 

The lattice energies of the Bl, B2 and B3 structures of 

AgCl, AgBr and Agl were listed in Table IV. 5. To a first 

approximation ire can calculate the lattice energy of a solid 

solution, U S * S , as the weighted sura of the lattice energies of 
9 

the components ; 


IT 


s,s 


f %Br + 


(l-f) u 


Agl 


(7) 


where and are the lattice energies of the two compounds 

in the same structure, and f is the mole fraction of AgBr in the 
solid solution, We calculated the lattice energies of the solid 
solutions in the Bl and B3 structures employing equation (7) 

(Table 17,8). The results show that at . — ' 15$ AgBr the Bl structure 
of the solid solution becomes more stable than the B5 structure. 

This is in good agreement with the experimental results discussed 
earlier (see Figures 17.4 and 17.7), 


OT.S EffiEKEMEMTAL 

(a) Preparation of Agl and Agl- AgBr solid solutions 

Agl was prepared by adding a 5 % solution of AgNO^, with 
stirring, to a solution of KI, the samples being of analytically 
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TABLE IV. 8 

Lattice energies (kcal mole ) of the , 

Agl-AgBr Solid Solutions in B1 and B3 forms ^ 

Mole % AgBi- B1 B3 

0 206.4 208.7 

5 206.6 208.0 

10 206.8 207.3 

15 207.0 206.8 

25 207.2 • 205.1 

(a) The lattice energies of AgBr and Agl for the corres- 
ponding structures are taken from Table IV. 5 
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pure grade. Precipitation, washing, filtration and drying were 
done in dark enclose to prevent the action of light. The Agl 
thus prepared was a mixture of B3 and B4 forms as found by x-ray 
diffraction (Fig. IV. l) analysis. 

The B4 form of Agl was prepared by dissolving the 
precipitated Agl in excess of KI solution and reprecipitating 
the Agl by addition of drops of water with stirring. The 
precipitate of B4-Agl was washed filtered and dried under similar 
conditions described earlier. The lattice constants were 
determined to be a = 4.591 A, and c = 7.498 1 (NBS values : 
a = 4.592 1 and c = 7.510 if 8 . 

The B3 form of Agl was prepared from the B4 form. The 
B4 sample initially maintained at ^ 100°G was ground continuously 
in a mortar, when the temperature was reduced to room temper ature . 
This process of grinding while cooling, was repeated about three 
times to ensure complete conversion of B4 into B3 form. The B4 
form which had a bright yellow colour changed to orange red 
indicating the B4 — > B3 conversion. The lattice constant of B3 
form at 25°G, was found to be a = 6.495 1 (NBS value: a = 6 .495^ 8 

The solid solutions were prepared by coprecipitating 
Agl and AgBr, by adding 5 % AgNOg solution to a mixture of solutions 
(containing appropriate amounts) of KI and KBr. Solid solutions 
of Agl ard AgBr were also prepared by fusing the pure components 
at , — 600°G. Solid solutions prepared by precipitation as well as 
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fusion yielded identical results in the x-ray and DTA investigations* 
The B3 forms for the solid solutions (AgBr ^ X0%) were prepared by 
grinding the precipitated solid solution. We found it more difficult 
to obtain the B3 form by this procedure unlike in pure Agl, 

Apparently AgBr does not favour the formation of B3 form in solid 
solutions. The percentage B3 form was, however, greater in the 
ground samples. 

(b) Differential thermal analysis 

The phase transformations were studied by recording the 
differential thermal analysis (DTA) curves employing an Aminco 
thermoanalyzer, fitted with a programmed furnace, voltage stabilizer, 
deviation amplifier and an automatic I-I recorder. Typical thermo- 
grams obtained under constant heating rate were given in Figs. IV. 2 
and IV, 6. The applicability and limitations of DTA as a tool for the 

study of crystal structure transformations have been well examined 

21 33 

in this laboratory * . The procedure for obtaining the enthalpies 

and energies of activation from DTA curves , and the uncertainties 

21 

in such results have been discussed by Rao and Rao . Plots of log k 

versus l/T (employing the procedure of Borehardt and Daniels 0 y for 

evaluating E for the B3 — ^ B23 and B4 — > B23 transformations are 
o. . 

given in Fig. IV. 8; here k is given by AT/A-a where AT is the 
differential temperature and A and a represent the total amount and 
quantity transformed respectively. The melting points of the samples 
were determined by heating the samples in fusion cups in the 
thermoanalyzer. 
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(c) X-ray diffraction 

X-ray diffraction patterns were recorded employing. a 
General Electric (XRD-6) diffractometer, CuK- o( radiation 
(.X = 1»5405 2 .) . The high temperature patterns of pure Agl as well 
as that of solid solutions were recorded at~l70°C, employing a 
sample holding furnace assembly fitted with a temperature programmer. 
Typical x-ray diffraction patterns were shown in Figs, IV. 1,4 and 6, 
We are not able to explain the origin of the extra line at 20=40-41° 
in all the patterns. The lattice dimension of the B23 form of pure 
Agl was found to be 5.074 A at ~_170°C. (Lit. value: a = 5,04 1 
at 25°C) 17 . 

(d) fhr infrared spectra 

The far infra red spectra were recorded in the region 300 to 
30 cm ^ in a Beckmann IR-11 spectrometer, in a polyethylene matrix, 
at 25°C. 

(e) Electrical conductivity . 

The AC resistivity (at UHz) of B3 and B4 forms (made into 

polycrystalline pellets, dia. 1.30 cm and thickness 0*2 cm) in a 
35 

conductivity cell with a metal spring load to support the pellet 
between platinum discs. The resistance was measured as a function of 
temperature with a General Radio Impedance bridge ( 1608— A) . 

Born calculations on silver halides were made on the 
IBM 7044/1401 computer of this Institute. 
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CHAPTER V 


PARTICLE SIZE EFFECTS AND THERMAL HYSTERESIS 
IN CRYSTAL STRUCTURE TRANSFORMATIONS* 

V.l INTRODUCTION 

The effect of particle size on crystal structure transforma- 

i p 

tions has not been reported extensively in the literature • Buerger 

has pointed out that small particle size may favour a crystal 

structure transformation if the transformation is aided by a fluid 

phase in which the parent phase is soluble* Thus, the reconstructive 

transformation of powdered wurtzite is slower than that of single 
3 

crystals . If the transformation is not aided by solution. It is 

expected to proceed by a cooperative mechanism and hence favoured by 

larger particles. In the quartz crystoballite transformation, the 

transitional non-crystalline phase has been found to grow and decay 

4 

considerably faster in finely divided samples . In the anatas e-rut lie 

* Papers based on these studies have appeared in the Transactions of 
the Faraday Society, 65, 3081 (1969) and Journal of Materials Science, 
(1970). 


88 



89 


transformation, particle size and surface area seem to have little 

5 

effect on the transformation ; in the ferroelectric transformation 

6 

of BaTiOg, small particles markedly affect the enthalpy . In the 
case of ZrOg, the metastable tetragonal phase gets stabilized by 

7 

the excess surface energy in samples of small particle size . 

We have presently investigated particle size effects on 

the temperature, thermal hysteresis and enthalpies of the following 

crystal structure transformations. The phase transformations 
1 8 

studied aro * (i) the inversion of quartz (~575°C) 

(ii) the orthorhombic qdi hexagonal transformation of K^SO^ 

580°C) (iii) the orthorhombic II— £ rhombohedral I (T^ ^ 136°C) 
and rhombohedral I — ^rhombohedral III (T g -^H8°C) transformations 
of KNOg (iv) Pm3m Fm3m transformations of MH^Gl ( — ■ 184°C) and 
NH^Br (-165°C) and (v) hexagonal cubic transformation of Agl 
( — ' 147°C) . Thermal hysteresis in KNO^ transformation could not 
be studied because of the structural hysteresis in the transforma- 
tion. We have examined the applicability and limitations of the 

8 9 

technique of differential thermal analysis * to the study of 
particle size effects on crystal structure transformations. 

9 

We have examined the thermal hysteresis in reversible 
crystal structure transformations in the light of Turnbull r s theory 
of heterogeneous nucleatioh^ and also in terms of thermodynamics* 
Introducing some approximations, Turnbull's theory of nucleation 
has been employed to evaluate the interfacial energies between the 
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two phases of a solid undergoing a reversible phase transformation. 

The interfacial energies can also be obtained by the method 

11 

suggested by Bruce for solid-liquid and solid-gas interfaces. 

The results of the two methods have been compared for Agl, GsCl, 
quartz, NH^Cl, KH^Br and K^SO^. 

V.2 RESULTS MD DISCUSSION 

(a) Effect of rate of heating and particle size on 
thermal hysteresis 

The effect of particle size on the phase transformations 

of quartz, K^SO^ and KNO^ under constant rate of heating are 

given in Table V.l. It can be seen that the transformation 

temperatures generally decrease with the increase in particle 
12 

size. Chang has similarly reported that for small particle sizes, 

T^ is higher in the oC“ p transition of crystoballite . What is 

more interesting to us is that the cA - |3 transition of quartz 

which is t rad i at io nally believed to show almost no thermal 
3 13 

hysteresis * , exhibits appreciable hysteresis when the particle 

size is small. Observation of thermal hysteresis, &T, may be 
taken to indicate absence of thermodynamic equilibrium at all 
stages of the transformation. It has been suggested that is 
proportional to the volume change (and the strain energy) 
accompanying the transformation * ,x ; it is possible that the 
strain energy would be greater in small particles. In Table V.l 
we have given the values of At^ (= T^ - T^) as well as 
ATp(= Tp - Tp); the foimer does not include kinetic factors 
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since the transformation temperatures correspond to the initia- 

8 

tion of transformations . As such the Ali values do not vaiy 
much with particle size (Table 7,l). 

Since thermal hysteresis in reversible transformation is 
likely to be a consequence of non-equilibrium conditions, we have 
examined the hysteresis as a function of heating rate in quartz 
and KgSO^ samples of different particle sizes. The results shown 
in Table 7.2 indicate that AT decreases with decrease in the ra te 
of heating. The extrapolated value of AT (Fig. V.l) at zero rate 
of heating is appreciably smaller (it is nearly zero in some cases) 
than that at finite rates of heating. This is understandable 
since we would be closer to the equilibrium conditions at slow 
rates of heating; we would therefore expect tysteresis to be 
minimal when particle size is large and heating rates are slow. 

(b) Thermodynamic treatment of hysteresis 

We could consider the work done due to change in volume 

in a transformation PAV, as equal to the thermal energy C AT. 

i P 

Here, AV is the change in molar volume accompanying the trans- 
formation, AT is the thermal hysteresis, and C is the heat 

Jr 

capacity of the transformed nuclei. The increased pressure, P, 
experienced by the nuclei during the transformation can be approxi- 
mated by P = A 7/ jq V, where p is the compressibility of the 
transforming phase. Thus, we find, 
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TABLE V. 2 

Rate of Heating and Thermal Hysteresis 


Heating rate 
(deg. miri"^) 


Quartz 



V 0 4° 


5.5 ^ 


210 /-<- 

' 7.5 A- 

115 A- 

16 

12.00 

6.00 

5(5) 

23 

15(5) 

8 

8.00 

3.50 

5(3) 

15 

10(4) 

4 

6.00 

2.50 

2(2) 

11 

6.5(3) 

0 (b) 

4.00 

2.00 

1(0-1) 

7 

5(1-2) 


(a) Hysteresis data are "based on DTA peak temperatures ( AT ) . The 
a T i values are given in paranthesis in one case; the values. -were 
similar with different particle sizes. 


(b) Extrapolated value 
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at = (1/C p j5) ( &v) 2 /v ( 1 ) 

Equation (l) assumes that the entire volume change of the 
crystal takes place under the same pressure. It is likely, however, 
that the transformation proceeds with relative ease after the 
nuclei reach a critical size. We may therefore need to mult iply 
the right hand side of equation (l) by a factor K(O^K<l). Since 
it is not possible to estimate the value of K, we have calculated 
the A T values assuming K to be unity (equation l) for four phase 
transitions where data on |3 , C p and A V are available; unfortunately, 
these data were not available for KNO^ and K^SO^ . The calculated 
values are compared in Table V.3, with the experimental values 
(at zero rate of heating) obtained with samples of fairly large 
particle size^ ( y 150 jLv). In spite of the gross assumptions made 
in deriving equation (l) we see that the calculated and the 
observed AT values vary in the same direction; the results are 
indeed encouraging. 

(c) Thermal Hysteresis and Turribull T s theory of 
heterogeneous nucleation 

The increase in A T with decrease in particle size is 

10 

similar to the observation of Turnbull in the case of liquid- 
solid transformations in metals. According to Turnbull, the rate 
of heterogeneous nucleation, R , may be defined as the number of 
nuclei of the new phase appearing per unit area of the parent 
phase per second. 
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TABLE 7.5 

Experimental and Calculated Values of AT 



AV^/V 

AT^ a ) (calculated) 

AT? 1 ^ 

Si ° 2 

0.08 

4.5 


iigl 

0.07 

2.9 

<1 

NH 4 d 

1.21 

24.7 

6 

NH 4 .Br 

2.26 

44.0 

14 


(a) An average value of G of the bulk phase in the transformation 
region was taken for ^calculation. 


(b) Extrapolated values at zero rate of heating; experimental 
ATi values were obtained at 16°, 8°, and 4° min'!* A T 
values cannot be used here since they include kinetic factors 
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E n = R 0 exp -j -(Vat 2 ) f(e) | exp (-£1^) (2) 

l j 

where R q is a constant involving a vibrational frequency term 
and AFp is the activation energy for material transport. The 
term f(0) has value 0 <^f (6) 1 and is determined by the contact 

angle, 0, between the parent phase and the new phase and A is 
given by, 

A - iSlVti (3) 

3kT AH^ 

In equation (3) , is the inter facial energy between the two 
phases, T q and T are the equilibrium and observed transformation 
temperatures and AH v is the volumetric heat of transformation* 

At the onset of nucleation, R n will be sufficiently high so that 

p 

we may take R n to be equal to (l/4lTr ) where r is the radius of 
the particle (assumed to be spherical). Thus, we get 

iA 2 

where A 1 = Af (0) and includes the second exponential term in 
equation 2. Equation 4 can be simplified to the form: 

log <r> =B+^C/(AT) 2 Q (5) 

where B and G are constants. It is indeed found that plots of 
log ^r^j against l/(ATp) are linear in the case of quartz 
and KgSO^ upto a particle size of about 100 microns (Fig. V, 2) . 

The linearity is found with the data at zero heating rate 

# <^r / refers to the average particle size given in Table V.l. 


:Tn V 


.4TTR ero- 
o x 


( a’Aat) 2 

L j 1 


(4) 



4 


8 


1/ (AT) 2 

Fig.V.2. Plots of Log (r) versus 1/(AT)^ for quartz 
( shaded circles) and K 2 SO 4 (open circles). 
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Table V.2) as well. With large particle sizes, equation (5) 

fails probably because of effects of grain boundaries and related 

8 

factors. It may be noted that Rao and Rao had earlier found 
that particle size effects on /IT and strain energies are 
negligible in the particle size range, 150-450 microns. 

(d) Interfacial energies in solids 

10 

Interfacial energies have been estimated by Turnbull 
in liquid-solid transformations. We have attempted to estimate 
the interfacial energies of some solids studied here employing 
the nucleation theory. The nucleation rate of the solid phase 
(number cc”" 1 ) in individual droplets (in liquid-solid transfor- 
mations) , R n and AT are related by an expression similar to 
equation (2) and here the rate of transformation has been assumed 
to be proportional to the rate of nucleation. The quantities A, 
f(©), A Rp have the same significance as mentioned earlier. 
Assuming homogeneous nucleation on the surface, f(0) becomes equal 
to 1. Since AT = j T q -T j, is not very large, the transport term, 
AF^/kT ~^AFjy'kT o can be assumed to be a constant. These 
approximations lead to the expression In <(r)> = B + c"VV( AT^) 
which is similar to equation (5) , except that the slope of the 
linear plot of ln<(r^> against l/ ( AT*') will be equal to.cY^. 
Since C is given by G = 16TTT^/3kT AH^, "V can be readily- 
evaluated. Here, surface nucleation has been assumed to take place 
rather than bulk nucleation; if, however, bulk nucleation is 
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present, these conclusions will still be valid, but C will be 
given by C = 16 TTT^/ 9kT ZlH^. The interfacial energy ~Y of quartz 
and KgSO^ estimated from the values of G are 1.30 and 1.40 ergs ' 
cm respectively (Table V.S). The effect of particle size on the 
crystal structure transformations of igl s NH^Cl and NH^Br could 
not be studied because of heavy agglomeration of particles 
(especially below 100 microns) which rendered the separation of 
various sizes difficult* 

Interfacial energies can also be estimated from the DTA 
curves for the phase transformations (Fig. V.3) where the ordinate Y 
is taken to be proportional to in equation (2) . Eventhough 
the absolute value of R n may change rapidly with AT during the 
transformation, Y may still be considered to be proportional 



In equation (6) K is unknown but is likely to be very small. If 
equation (6) is valid, then a plot of log Y versus l/ AT should 
give a measure of the interfacial energy "V • A typical plot for 
GsCl is shewn in Fig* V.4. The values of ~Y obtained by this 
procedure are given in Table V.5. We could not obtain ~Y for 

KWOg by this procedure due to the structural hysteresis in the 

I 9 

transformation * . 

II 

Bruce has made theoretical estimates of the change In 
surface energy in solid-liquid and solid-vapour transformations of 



200 


400 


600 


Fig.V.3. Typical DTA curve for CsCl transformation 
illustrating the relation between Y and AT 
( T f = 480°C and T r = 448°C ). 




1*2 


3-8 



0*1 


0*2 


0*3 


l/(AT ) 2 


Straight line plot of log Y versus 1/ (AT) 
for CsCl transformation. The ordinate, Y, 
is the height of a point in the DTA curve 
from the base line (see Fig.V.3.). 



Fig. V. 4. 
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inorganic crystalline materials. For solid-liquid transformations 
11 

Bruce employs the relationship, 

Y = B/A (ABp x J/N q ) (7) 


where Y is the change in surface free energy (which may he taken 
to be the interfacial energy), B is the ratio of "free bonds” to 
total coordination number per atom/molecule on the surface, (l/A) is 
the number of atoms per unit area of the interface, A Hj, is the gram 
atomic heat of transformation, N is the Avagadro number and J is 
the Joule constant. If such a procedure is to be extended to a 
solid-solid transformation (-where there is a change from one 
crystal structure I to another structure II taking place) then the 
B/A term can be written as the average difference between the free 
bonds per unit area of the transforming interface. Thus 


(B/A) 


average 


(B/A) x - (B/A) n 


( 8 ) 


The (B/A) values on the right hand side of equation (8) are taken 
for the lowest B/A values corresponding to the lowest energy for 
the particular structure. 


The B/A values for the crystal structures of Agl, NH^Gl, 
NH^Br and CsGl are given in Table V.4. Equation (7) may now be 
■written as, 

y= ^awrage (AH // K o) (9) 

Bruce 1 s method of estimating the interfacial energy, Y » has "been 
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TABLE V.4 

(B/A) Values Employed for Calculation of ~Y for Various Solids 
(a) EH 4 C1, NH 4 Br and CsCl 



FCG structure (Em3m) 

BCC structure (Pm3m) 


( 100 ) (no) (in) 

(100) 

( 110 ) 

(111) 

B 

x/s 1/5 1/2 

l/2 

lA 

1/2 

(Va) 

4/a 2 X/fz.a 2 4/V3.a 2 

l/a 2 

2/J~3.a 2 

2/JT.a 2 

(B/A) 

2/3. a 2 4/3 v f2.a 2 2/J~3.a 2 

Vs. a 2 

l/S jT. a 2 

V Vs* a 2 

(b) 

ML 





Wurtzite Structure 


Zinc Blende 


Hexagonal plane Prism 

(100) 

(110) 

(111) 

B 

l/z Va 

Vs 

Va 

Vs 

(Va) 

2/ J 3. a 2 4/ JT.1. 6333a 2 

2/a 2 

2/ J~2«a 2 

4/4*3. a : 

(B/A) 

V Jls.a 2 V J3.1.6333a 2 

Va 2 

1/2 ^.a 2 

2/ 


T3 

a 

tS 

0) 


O 

02 
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illustrated in Appendix I for the case of CsCl* The calculated 
values of Y for various solids, tgr Bruce's method are furnished 
in Table V .4. This method of calculation does not seem to be 
satisfactory to the - jj inversion of quartz which is a displacive 
type of transformation where the cL - and jo - crystal structures are 
almost alike except that the d. -form is a slightly distorted version 
of the <0 -form. 

The results of the various calculations of the interfacial 

energies are summarised in Table ¥.5. We note that the interfacial 

-2 

energies of these solids are only a few ergs cm and the results 
of the three methods agree fairly well with one another. Our 
attempts to improve the calculated (by Bruce's method) values of 
y, by introducing a parameter to account for the difference in 
bond strengths in the different crystal structures were not too 
useful. 

(e) Particle size effects on the enthalpies of transformation 

The enthalpies of transformations AH, decreases with • 

increase in particle size in all the cases studied presently 

(Table V.l). The results show that by employing the oC~ (3 inversion 

13 

peak of quartz as the reference , one could arrive at erroneous 
conclusions if care is not taken to examine particle size effects. 
This result is in variance with some of the literature reports 
that the heats of transformation (obtained by DTA) of very small 
particles ( <^ 10 microns) of kaolinite and quartz; are 
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19 

considerably smaller. Berkelhamer , on the otherhand, found little 
change in DM peak areas with particle size in the range 1-150 
microns. The are stilts of the present study are likely to be more 
reliable compared to early DTA studies and we feel that the decrease 
in AH with decrease in particle size reported earlier is likely 

to bo due to impurities, packing problems or some other extraneous 

19 i 

factors 9 • The standard A H value of . — 86 cals mole A for the 

13 

|6 inversion in quartz , is found presently only when the particle 

size is ~80 ^ or greater; in the II —- y I transition of KNO^, the 

true value of A H (~1200 cals mole - '*') is found only when particle 

20 

size is — - 50 « In K^SO^, the true value of AH is not found at 

any particle size because of higher order components in the trans- 
formation^ - . 


Assuming that the increased AH values of the transformation 
in samples of small particle size are due to excess surface energies, 
we can write. 


AH obs = ^eal + <^V /V 


( 10 ) 


where A H v , and A H v , are the observed and real volumetric heats 
obs real 

of transformation, A o~ is the difference in surface energy of the 

initial and final states, A is the surface area of the particles and 

s 

V is the volume of a particle. Taking A to be constant and the 

s 

particles to be spherical, equation (l0) may be written as. 


^ H ob s = AH real +3Ar/r 


(U) 
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The observed variations (Pig. V.5) show that the situation is more 
complex. If we, however, assume the surface areas of the initial 
and the transformed phases to be different, we obtain the relation, 

A = AI ?eal + 5 A,r (r i +r f> ^4 (12) 

where r^ and r^ are the initial and final radii of the particles 

and A r = (r i ~r f ) . If re r f the second term in equation (12) 

reduces to SAoyr^ as in equation (ll) . If re cs: r f , AH V will be 

independent of r; the situation when re <^<r f is unrealistic and 

may be ignored. The first two cases will give two straight lines, 

one with zero slope in the small particle range. While we may 

consider the variation of Ah v with particle size in Fig. V.5 as 

composed of two straight lines. It is not easy to explain why re 

should be greater than r Equation (12) tacitly assumes a 

*** * 

mechanism wherein particles break up during the transformation 
possibly in the nucleation step. 

Another possible explanation for the behaviour shown in 

Fig. V.5 is that A '-^equation (lO)~~j also varies with particle size. 

This is not unreasonable since in the finer particles produced by 

grinding, the surface composition of crystal faces may change in 

such a way as to increase the surface energy cn of the initial 

state. The curves in Fig. V.5 could then be interpreted as due to 

the combined effect of the variation of A and Act with the 

s 

particle size . 




Fig.V.5. Volumetric heat of transformation, AH^, as a function 
of 1/ <r y for quartz (shaded circles ), K^SO^half- 
shaded circles) and KNOj (open circles). 
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V.5 ' EXPERIMENTAL 

Quartz, K^SO^ , KNO^, Agl, NH^Gl and NH^Br of better than 
99.99$ purity or of spectroscopic grade (J & M or .Alfa) were 
employed for the study. Samples of quartz, K^SO^ and KNOg of 
particle sizes down to 40 micron range were prepared by grinding 
the dry salts in a ball mill followed by sieving with the ASIM 
standard sieves. 

To obtain particles of lower than 40 microns, an Aminco 

air elutriator (Roller particle size analyzer) was employed. The 

air elutriator functions on the principle of Stoke* s law. Compressed. 

air is passed at a known pressure through a chamber containing the 

particles of known density; by varying the air pressure particles 

of various sizes are collected in different receivers. The 

particles in the various size ranges were examined under an 

ordinary reflection microscope (August Ristelhuerber Hamburg) 

fitted with a calibrated eye-piece. The number of particles 

belonging to various sizes were counted in each size range and 

histograms prepared. Typical histograms are shown in Fig. ¥.6* 

22 

The standard deviation was calculated from the arithmetic mean; 
for the 5.5 and 9 3. 5 ^samples of quartz, the standard deviations 
were 1.0 and 2. OjU. respectively. The radius of the particle r^> , 
was taken to be half the particle size. Microscopic examination 
of the particles showed that in K^SO^ and KNOg there is some 
agglomeration of particles when the particle size is above 


250 microns 



O 5 IO O 40 80 120 160 

SIZE RANGE IN At SIZE RANGE IN M 

Fig.V. 6. Typical histograms for two different sizes of quartz. 

The most probable particle sizes in these two cases 
were taken to be (a) 2. 75^£tand (b) 46. 75y/t . 
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All the transformations were studied by recording the 
differential thermal analysis (DTA) curves employing an Aminco 
thermoanalyzer fitted with a constant voltage stabilizer, tempera- 
ture programmer and an x-y recorder. The limitations and applications 

of DTA to the study of crystal structure trans formations have been 

3 23 oa 

discussed in earlier publications from this laboratory ’ * . 

Both the DTA peak temperatures, T , and the initiation temperatures, 

ir 

T., were recorded in all the cases; the enthalpies were obtained 
from peak areas employing external standards as reported earlier. 

* 
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.APPENDIX I 

Calculation of interfacial energy^Y. 
of CsCl employing Bruce 1 s method 


In the Pm3m-Fm3m transformation of CsCl the anion arrangement 
changes from simple cubic to F.C.C; the average B/A value can be 
determined in the following manner. In the F.C.C. structure, 

of the three faces, (100) , (llO) and (ill), the (100) face has the 

c 

least value of B/A (Table V.4) . This conlusion arises from the 

A 

2 

following considerations. The area of a face is where is . 
the lattice constant. Number of ions on this face is 4 (two cations + 
two anions); value of B (the ratio of free bonds to total coordi- 
nation bonds) for the (lOO) face is l/6. Thus l/A = 4/aj" and 
B/A = 2/3a*« For the B.C.C. structure the (llO) face can similarly 
be shown to have the lowest value of B/A. The area is J~Z a^ where 
ag is the lattice parameter. The number of ions in this area is 
2 (cations or anions) and l/A is equal to 2/J""2 ajjj, B = 2/8 = l/4 
and hence B/A = \JzSz a*. The irrterfacial energy is then 
given by equation (8) 


"V = average * 

'Y = (z/Sa.^ - l/ZfZi a 2 ) 300 x 4.2 x 10 7 /6.023 x 10 23 

where = 4.12 1, a g = 6.91 A and /^H^, = 300 cals gm ion"*'*'* 
(references 9 and 13). ~Yis thus found to be about 1.5 ergs cm*" 
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CHAPTER VI 


CHTSTALLTZATION AND PSEUDO- . 
CRYSTALLIZATION IN OXIDES* 

vu INTRODUCTION 

Exothermic crystallization reactions associated with large 

heats have been observed in the differential thermal analysis curves 

IS 3 4 

of amorphous ferric oxide and chromia * , titania and alumina . 

After the exothermic reactions these oxides show high crystallinity 

as evidenced ty x-ray analysis. An examination of the literature 

indicated that there was little information on quantitative aspects 

of crystallization reactions, and it was considered worthwhile to 

examine the crystallization reactions in a few oxides. Such a study 

would be of importance in surface chemistry as well as solid state 

chemistry# particularly In understanding pseudocrystallization 

(disorder-order) reactions in oxides T « In this chapter the 

crystallization of a few amorphous oxides (viz., Fe^O 5 , JljO , Cr 2 0 5 

and TiOg) and the pseudocrystallization in magnesium oxide have 

♦Papers based on this work have appeared in the Transactions of the 
Faraday Society, 65 , 3088 (1969) and Journal of Chemical and 
Engineering Data, 15. 235 (1968). 
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been discussed. At this stage it would be pertinent to review the 
background of the MgO problem investigated presently. 

7 

Giauque showed that the heats of solution of finely divided 
and crystalline samples of MgO are considerably different and • 
presented his findings in terms of the thermochemical equation 

Mg0 (crystalline) = ^(finely dividad), = 800 oals mol ° 1 

( 1 ) 

*7 S 

Giauque as well as Taylor and Wells suggested that this heat 

content anomaly could be due to particle size effects since the 

particle size of MgO increases appreciably with the temperature of 

preparation; however, these workers did not have any quantitative 

measure of the particle sizes of their samples* Since crystalline 

MgO samples, are generally prepared by the decomposition' of the 

hydroxide at relatively high temperatures compared to the finely 

5 

divided samples, Rao and Pitzer as well as Rao, Yoganarasimhan and 

6 

Lewis , attributed the major part of such heat content anomalies to 

pseudocrystallization involving the removal of internal defects. As 
mentioned earlier, crystallization of amorphous oxides is known to 
be associated with large evolution of heat. 

The increased energy content of finely divided MgO was 
shown to be primarily due to crystallite size effects by Thomas and 
Baker 6 * * 9 , who measured the crystallite sizes (from x-ray line widths) 
of samples prepared by the dehydration of brucite at different 
temperatures. These workers showed that the energy content of the 
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10 

crystallites calculated by the Weissenbach relation agree well 

11 

with the experimental results of Livey and coworkers on the heats 

of solution* There is also some evidence that microstresses in MgO 

samples may contribute to the energy content of small particles 

12 

produced by the decomposition of various magnesium compounds . 

While the reduction in surface area (or increase in crys- 
tallite size) is expected to produce energy changes continuously 

9 13 

over a wide temperature range * , the pseudocrystallization reaction 

5 6 

would occur sharply in a narrow temperature range * « Even though a 
smooth variation of the heats of solution of MgO with the temperature 
of preparation of the oxide has been suggested * , a closer examina- 

tion of the experimental data reveals that the data could as well 
he shown to indicate a "transition" around 600°C. We have presently 
investigated -thermal and particle size effects on MgO in order to 
examine the relative importance of these different factors in causing 
increased energy content of finely divided MgO samples. For this 
purpose, we have prepared several samples of MgO by the dehydration 
of Mg (Oil) g at different temperatures between 350° and 1200°C, and 
measured their x-ray line profiles, surface areas and heats of 
solution in 0.1M HC1, 

VI. 2 RESULTS AMD DISCUSSION 

(a) Crystallization of AlgO^, Gr^O^, Fe^O^ and TiO^ 

The temperatures corresponding to the initiation and the peak 
in the DTA curves (Fig* VI. l) for the crystallization reactions are 



200 


400 


T,°C 

DTA curves. for the crystallization of oxides. 

'' . 

: : : ■ ■■ : v .V ■■ v f 
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listed -with the enthalpies, and energies of activation, 

E & , in Table 71,1* The values are large. The AHjjys-t 

for Fe g °3 found in this study agrees with that of Friek and Klenk^ 

\A 10 estimated the lower limit for the heat of crystallization to be 
-I 

13 kcal, mole by measurements of heats of solution in HF. 

The AH ygyg .fr values reported here should be of value, since 
there seems to be no other data or estimates available in the 
literature; further, it is difficult to measure the heats of solution 
of crystalline oxides owing to their high insolubility even in very 
strong acids. The E values for the ciystallization reactions are 

cl 

not very high in comparison with the activation energies for phase 

15 

transformations in solids , indicating that the crystallizations 
of amorphous oxides take place with relative ease. 

The description of the initial states of the oxides as 

imorphous" is not decisive or exact, since many amorphous states 

ly be possible with different energies and therefore different 

iats of crystallization. Thus, the enthalpies of annealing of 

.sordered oxides produced by neutron irradiation or ion bombardment 

15a 

mid be considerably different • The present study, however, 
lows that the low-temperature removal of water from hydroxides or 
ygen from peroxides leaves the oxides in "relic" structures which 
.11 then crystallize at higher temperatures releasing energy. The 
Lta reported here should clearly indicate the magnitude of the heats 
* such crystallization reactions. It is possible that the amorphous 
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TABLE VI. 1 

(o') 

Heats of Crystallization of Oxides 



Cryst. Temp., 

,°c 

kcals. Mole - -** 



Initial 

Peak 

"^ H cryst 

E 

a 

-'^2 rJ Z 

170 

265 

14 

12 

& Z°3 

390 

410 

12 

40 

Fs 2 ° s 

260 

335 

32 

20 

TiO g ^ 

250 

305 

15 

18 


(a) The data are for freshly prepared samples. 

(b) Freshly prepared TiOg (anatase) gives a single exothermic peak 
at 305°C. With aging another peak appears at / — - 230°0. If 
the area under the latter peak is also considered, the A ELjyg-t, 
becomes much larger. The final product after crystallization 
is anatase in both the cases . 
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state may actually be similar to the glassy state. While this is 
all conjecture it would be interesting to explore such possibilities. 


Thermal and particle size effects in 


The experimentally determined values of the crystallite 
size, CgQO’ surface area, A g , and the heats of solution, AH g , 
are given Table VI. 2. It can be seen that the AH shows little 

A s 

variation upto 450 °C but suddenly decreases in the temperature 

range 4 50- 650 °C. The results differ from those of Livey and 
11 

coworkers who found a progressive decrease of AH with the 

temperature of preparation. The excess energy in small particles 

of MgO can be expressed in terms of A (AH ) (with respect to the 

s 

sample at 950°C); the A(AH g ) values are plotted against temperature 
in Fig. VI.2. The figure clearly shows the sharpness of the energy 
decrease in MgO particles between 450° and 650°C. 

The excess energy, A E, of MgO particles was calculated 

10 

by the relation of Weissenbach i 


AE = lll/n + 1035/n 2 - 1944/n 5 + 1350/n 4 (2) 


where n is the number of atomic diameters on the particle edge and 
Is approximately given by £ hid/ 2 ^His relation assumes that 
MgO powder consists of cube-shaped particles of uniform size 
bounded by (100) faces. The values of AE are given in Table VI.2 
and the A(Ae) values (with respect to the 950°G sample) are 
shown In Fig* VI.2* 



CALORIES MOLE 



Fig.VI.2. Variation of A(AH S ) ( reference, 950°C. sample; 

obtained from experimental heats of solution of 
MgO samples prepared by the decomposition of 
Mg(OH)j!>, at different temperatures. Values of 
A(AE) andA<3"are also shown in the figure for 
purposes of comparison. 
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Giauque attempted, to estimate the surface energy of finely 
divided MgO by applying the thermodynamic relation, 

AG = AH ~ TAS = Z<r F V/r (3) 

where AG is for reaction (l), r is the radius of the particle and 

3 7 

V is the molar volume (11.10 cm mole ) . Giauque could not, 

F 

however, arrive at an estimate of the surface free energy, <j- , due 

to the lack of particle size data. Assuming that for very finely 

divided MgO, r £r.£g 0 C) /2, AH = A(AH g ) in Table VI. 2 , and that AS 

-1 -1 F 

is about 0.30 calaries deg . mole , can be estimated to be 

-Z 

approximately 1850 ergs cm for the 350°C sample. On the otherhand, 

O 

by multiplying Giauque 1 s value for the internal pressure (35 x 10° 

dynes cm ) by r/2 we get 0 ~ as 1840 ergs cm"" . These estimates 

are only approximate and are considerably higher than the value of 

16 

Lennard -Jones and Taylor • 

By making use of the A (AH ) values of the 350°C sample 

and the surface areas of the 350°C and 1200°G samples, the surface 

H ■*"*2 

enthalpy, , of the MgO was calculated to be ^1470 ergs cm" . The 

_2 

surface energy, < 3 -, was estimated to be *-->1600 ergs cm ly employing 

H 

the A(AE) value at 350°C. These values of ^ and compare 

-2 

favourably with the value of 1362 ergs cm proposed by Lennard- 
16 

Jones and Taylor ♦ The<5“ values of the various MgO samples in 
Table VI, 2, were calculated by assuming the surface energy of 

* Internal pressure is given by 2 £/r where ’A is the surface tension 
of the particles. 
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Lennard- Jones and Taylor . The A o~ values (with respect to the 
950°C sample) are plotted in Fig. VI. 2. It can be seen that the 

10 

values of <y are quite close to the AE from Weissenbachls relation 

10 

upto about 600 °G 5 apparently the Weissenbach relation is fairly 
satisfactory in estimating surface energies. 

in examination of the data in Table VI. 2 and Fig. VI.2 

indicates that the surface energy (A(AE) as well as /\cr) decreases 

steadily as a function of temperature unlike A(AH s ) which shows an 

abrupt decrease in a narrow temperature range (450-600°C). Beyond 

600°C, the A<T > A( AE) and A (AH ) are about the same within 

experimental error of the last quantity (Fig. VI, 2). Apparently, 

there are other factors besides surface area or particle size 

responsible for the observed variation of A(AH ). While lattice 

s 

12 

microstresses might contribute to some extent to the abrupt 

decrease in A ( AH ) with temperature, the major contribution may be 

s 

due to a. pseudocrystallization or the so-called order-disorder or 
5 6 

defect-annealing , reaction. The magnitude of the heat evolution 
in such a reaction would be much smaller than that found in the 
usual crystallization reaction of amorphous oxides. 

The energy difference A.(AH g ) - A<5“or A (AH g )-A(AE) 
which may be attributed to the pseudocrystallization reaction 
decreases sharply between 450° and 600°C. Above 600°G, the increase 
in crystallite size becomes much more marked (Fig. VI«3; Table VI.2) 
probably due to the onset of sintering. These results are in 



Fig. VI. 3. 


(a) X-ray profiles of the (200) reflection of MgO 
heated to 12 00°C (dotted line) and 450°C (full line) 
(b) Variation of particle size of MgO samples with 
the temperature of preparation. 
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general agreement with the surface area studies of Razouk and 
15 

Mikhail who have suggested that three processes may occur •when 
MgO is heated: (i) recrystallization (ii) crystal growth and . 

(iii) sintering. The processes apparently take place at different 
temperatures with different rates. 


By making use of the surface areas and the crystallite 
sizes obtained in these studies, we can calculate the apparent 
packing densities, by the relation, A g = 5/r p a ^, where r 

is the radius of the particles (assumed to be spherical in shape). 

The p ^ values indicate that there is a marked decrease in p & ^ 
starting at ~ 600°G possibly due to the onset of sintering. It is 
seen that even with the smallest crystallites of MgO (at 350°C), 
the value of p (3.2 g ce’"^) is less than the true density (3.58 g 
cc’j indicating that the packing of particles is not perfect. The 

should become equal to the true density when A g r ^ 0.85 cm^ g~\ 
looking at the present data, it appears that this may be realised in 
samples prepared between 250-300°C. 


The A (AH ) curve in Fig. VI. 2 Is in some ways reminiscent 
s 

of a glass transition; as mentioned earlier, it may not .be in- 
appropriate to think of finely divided active solids or amorphous 
solids as akin to the glassy state* In finely divided solids 

prepared by precipitation or low temperature decomposition of compounds, 

17 

crystal imperfections may hy "frozen in" as suggested by Kobayashi 

■ ' 6 

and Rao and coworkers » A more plausible explanation for the excess 
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energy of the finely divided particles of MgO can be offered on the 

basis of surface and bulk defects discussed by Nelson, Tench and 
18—20 

coworkers in their studies of irradiated MgO. These workers 

have shown that the concentration of point defects on or close to 
the surface (s-centres) as well as that of the bulk centres (F and V) 
may decrease with decrease in particle size. Small amounts of 
impurities present in MgO may also affect the properties of the 
surface but their role is not clear at present. 

The present results regarding the anomalous behaviour of 
finely divided MgO samples find indirect support from the recent 

23 

studies on the heats of argon adsorption by Anderson and Horlock . 
These workers find that microcrystalline oxides prepared from Mg(OH)^ 
yield higher heats of adsorption* Theoretical calculations do not 
predict this behaviour on the basis of surface he tero genie ties or 
adsorption on surfaces other than (l00)j their results are, however, 
consistent with adsorption in very small pores or at points of 
crystal-crystal contact where the adsorbate atom is close to the. more 
lattice ion neighbours than on the plane surface#. The variations in 
the heats of adsorption among different MgO samples, are also 
consistent with changes in microstructure caused by different 
calcination treatment# 

VI.3 EXPERIMENTAL 

(a) Preparation, and thermal analysis of A1„0,., CrpO* 

Fe 2 0 3 and TiO g — — « 

The crystallization reactions of AlgO^, Gr^O^, Ife^O^ and TiOg 
have been studied by quantitative differential thermal analysis (UTA) 
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employing the phase transformations of lithium sulphate (monoclinic 
^ cubic; 590°C; AH, 6,9 kcal. mole - ) , potassium sulphate 

•4 

(orthorhombic hexagonal; 579 °G; AH, 2,1 kcal. mole - A and 

'"l 

potassium nitrate (II — ^ I; 136°C; AH, 1.2 kcal. mole -_L ) as external 
15 

standards . Tho values of the reported here are based 

on three independent measurements of the DTA peak areas with respect 
to all tho three standards; the H cr ^ s ^. values from the three 
standards agreed very well with each other. In this laboratory, the 
applicability and limitations of the DTA technique to the study of 
quantitative energy aspects of phase transformation have been 

15 

examined in detail . Since the crystallization reactions are 
associated with large heats, the technique is considered to be 
suitable to provide fairly reliable values for the heats of crystalli- 
zation. 


The DTA curves (Fig. VI. l) were recorded by employing an 
Aminco thermoanalyzer fitted with a voltage stabilizer, deviation 
amplifier, programmed furnace and an x-y recorder. The uncertainty 
in the /\H ^ ^ values is - — '10%. The values of the energy of 

activation, E . calculated from the procedure of Borchardt and 

cl 

22 

Daniels are, however, likely to be associated with larger uncar- 
15 

taint ies • In order to ascertain that there is no mass change in 
the neighbourhood of crystallization, thermogravimetric analysis of 
the oxides was also carried out; the TGA curves (Fig. VI.4) show 
that there is no appreciable mass loss in the crystallization region. 
In the case of Al^O^ the loss was almost negligible* 



200 


400 


Fig. VI. 4. TGA curves of oxides showing negligible mass 

loss in the region of the crystallization reaction. 
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Amorphous alumina was prepared by ammoniacal hydrolysis 
of AlClg followed by drying in vacuum at 100°C. Fe^O^ and 
Cr,^0„ were prepared by the ammoniacal hydrolysis of the nitrates 
followed by drying in air-oven at ■■ — '120°C. Titanium, peroxide was 
prepared by the procedure reported in the literature y ; the 
crystallization peak of TiOg appears after the endothermic peak 

3 

owing to the decomposition of peroxide . All the oxides were 
crystalline after the exothermic reactions as found ty x-ray analysis. 
CrpOg and Fe^O^ had the rhombohedral structures while Al^O^ was in 
the V -form* TiOg had the anatase structure. 

(b) Preparation of MgO and measurements of AH,, A g and 

Magnesium oxide precipitated by the dropwise addition of 

' "V 

6N ammonia solution to a solution of MgClg was allowed '‘to settle 
overnight, filtered, washed and dried in an oven at ^HO°C 
for .—8 hrs. The hydroxide was heated at 350°C in vacuo (l0“ 5 torr) 
for ^ 200 hrs to produce the finely divided MgO. Two gram portions 
of the oxide thus prepared were heated at 450°, 550°, 600°, 700°, 

800°, 950° and 1200°C in vacuo (10 torr) for 3 hrs. and then sealed 
in pyrex bulbs . It was ascertained that the samples thus prepared 
had no water (or hydroxide) in them. | 

9 25 

X-ray diffraction patterns * of the MgO samples were ( 

recorded employing a Northern American Philips x-ray diffractometer 

with copper Ko£- radiation. The sample was taken in a perspex 

71 . | 

sample holder and pressed evely with a glass plate so that the MgO 
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packed was flush with the surface of the sample holder. The crystal 

structure and the lattice dimensions of all the MgO samples were the 

same, but the line widths varied with the temperature of preparation 

(Fig, VT,3). Line broadening, {%, , due to the particle size is related 

to the mean particle size £ for the particular reflection (hkl) 

26 

by the equation , 


P =XK/6 hM Cos 6 (4) 

where 9 is the Bragg angle and K is the shape factor normally assumed 

& 

to be close to unity. In order to allow for the intrumental broadening, 

27 

b, a sample of MgO heated to 1200° C was taken as the reference 

since the half line width of the sample was comparable to that of 

standard unstrained quartz. From the observed half -line widths, B, 

of MgO samples, the instrumental broadening b was then subtracted 

26 26 

employing the Warren correction. 'Warren correction is given by 
the relation 



(5) 


where B is the observed broadening of the line for the sample and b is 
the half-line width of the MgO sample heated to 1200°C. By making 
use of values, the values for the samples of MgO were 

obtained. The £_ values have an uncertainty of + 10$. 


B.E.T. surface areas of samples were measured from nitrogen 
adsorption at low temperatures employing a volumetric apparatus. The 
molecular area of 16,2 l 2 was assumed for nitrogen. 
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The submarine calorimeter used for the measurement of heats 
of solution was essentially similar to that described in the 

pg gg 

literature'' * • The calorimeter was calibrated by measuring the 

heats of solution of KClj good agreement (within 0,2.%) was obtained 

30 

with the standard values obtained by Gunn . Outgassed samples of 
MgO in sealed bulbs were opened under the acid solution in the 
calorimeter. The heats of solution of the MgO samples in 0 .11'! HC1 
were determined at 35*0 + 0.10°C. The heat of solution of the 700°G 


sample of MgO was also determined at 25°C, and found to be 35.07+0.05 

—1 -1 
kcal mole j the value at 35°G was 33.11 + 0.05 kcal mole . Further, 


the heats of two sintered MgO samples with particle sizes of ^37 p, 
and 125^ were found to be identical (35.81 + 0.05 kcal mole - ^) 


at 25°C. 
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CHAPTER VII 

PHASE TRANSITIONS IN THE SOLID SOLUTIONS OF 
V0 2 WITH TiO z , NbQ 2 AND Mo0 2 



CHAPTER VII 


PHASE TRANSITIONS IN THE SOLID SOLUTIONS 
OF VOg WITH TiOg, NbO g AND MoOg* 

VII. 1 INTRODUCTION 

One of the -widely investigated semico nductor-to-semimetal 

1 2 

transitions is that of Vanadium oxide, VOg. Crystallographic , 

G 7*-l0 

magnetic ~ optical and electrical transport ~ properties of VOg 

have been examined by various workers and the nature of the transition 

is fairly well understood. VOg is monoclinic at room temperature and 

o 

transforms to tetragonal rutile structure at ^ 68°C . This first 

order phase transition is associated with a marked change in the 

5 0 

magnetic susceptibility ’ , 4. > but no long range magnetic order has 
been found in the low and high temperature phases. VOg exhibits an 
abrupt increase in the electrical conductivity, <5~, by a factor of 
10~~10^ in pure stoichiometric single crystalline samples'^. Below 
the transformation temperature, T q (68°C), VOg is an n-type intrinsic 

# A communication based on part of this work will be appearing in 
Solid State Communications (1970). 
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8 l" 1 \p 

semiconductor J * and various theoretical models have been put 

forward to explain the nature of the semiconductor-to-metal 

, ... 13 , 14 

trans ition 

Niobium oxide, NbOg, possesses a distorted rutile structure 
15 

at room temperature ; the presence of Nb-Fb bonds has been suspected 

jL 0 17 

in this oxide. Sakata and coworkers * have examined the phase 
transition in NbOg by high temperature x-ray and differential 
thermal analysis (OTA). These workers have noted that NbOg transforms 
from distorted rutile to normal rutile structure at ^ 300 °G. The 
presence of strong Nb-Nb bonds causes the order to persist at least 
upto 850 °C at which temperature there is discontinuity in the 
tetragonal lattice parameters. The electrical properties of poly- 
crystalline NbOg have been studied by a few workers; however, the 

18 

results are conflicting. Jannick and Whitmore found that NbO^ 

was semiconducting below ~-720°C exhibiting a ten-fold increase in 

the conductivity around 800 °G . , <y , however, remained constant 

above this temperature. The measured See beck coefficient was high 

at ordinary temperatures ( - j 1 mv/°C) but decreased gradually to a 

low constant value ( ■~~'70p v/°G) above 800°G. These results are in' 

19 

general agreement with those reported recently by Roberson and Rapp 

who only noted an anomalous behaviour in the conductivity above 

20 

800°G. Investigations of Sakata reveal that even though a ten 
fold increase in <y~ occurs at~- 800°G, the behaviour upto ~'1200°G 
is that of a typical semiconductor with an activation energy, E , 

cl 

20 

of 0.34 eV; Sakata also noticed that the magnetic susceptibility 



129 


shows a slight temperature dependence above 800°C. Thus, it can 
be concluded that the existing data do not lead to any definite 
conclusion regarding the electronic nature of the transition in 

The crystallography of the V. Ti 0 system has been 

X , “OC X (C 

21 

examined by Ariya and Grossman for the range 0.4 ^ x ^ 1.0 

22 

and by Sakata and Sakata for the range 0*8 ^ x ^1,0. Both 

these groups of workers proposed a rutile structure for the solid 

solutions; no data are reported for the range 0.0 x 0.4. The 

temperature dependence of the magnetic susceptibility 0£) and the 

room temperature electrical conductivity of a few V Ti 0- solid 

21 

solutions have been reported by Ariya and Grossman and Rudorff 
4 

and coworkers . These workers noted that the solid solutions exhibit 
higher CT" and '/L 'than pure VO^ at room temperature; the jump in 
Cf ' as well as %, at the transition temperature, T^ (T^<^T q for 
x / 0) was, however, smaller in the solid solutions. For composition 
x y 0,6, no susceptibility anomaly seems to be present. The room 
temperature conductivity apparently goes through a maximum around 
x = 0,5, The temperature variation of conductivity in these systems 
has not been investigated in the literature. 

23 

Rudorff and Marklin have reported the crystallography, 
temperature dependence of / C and room temperature conductivities 
of a series of solid solutions V^^Nb^O^. According to these 
workers, the compositions 0.1 ^ x ^ 0.9 all posses the tetragonal 
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rutile structure. Further, the jump in Y. at T , ( / T ) in the 

is o 

solid solutions is apparently smaller; the room temperature 

25 

conductivity is lowest when x = 0.5. Rudorff and Marklin suggest 
that the rutile phases of the system V Kb 0 are composed of 

-L , ~OC 

variable valence states of vanadium and niobium. 

Presently we have carried out a detailed investigation of 

the crystallography, differential thermal analysis and electrical 

conductivity of pure V0 ? , NbOg and of the solid solutions V^^Ti 0^ 

(0.0 / x / 0.4) and V Kb 0 (0.0 k' x ^ 1.0). It was of . 

interest to us to find out whether the nature of the semiconductor— 

+4 

to-metal transition of V0g gets modified by addition of Ti and 

+4 4 pi , 

Kb ions. The literature data y on the variation of '/Li with 

T indicate that the transition may become a semiconductor-to- 

* 4 * 4 : 

semiconductor type with progressive substitution by Ti ion. 
Further, the nature of the -T curves reported by Rudorff and 

4 21 

coworkers and Ariya and Grossman are also slightly different 
suggesting therefore different mechanisms for the transitions. A 
proper study of the conductivity behaviour was expected to clarify 
the situation. Besides these V0g-Ti0g and VOg-KbOg systems, we 
have also investigated the V. Mo 0 system upto x = 0.05 employing 
DTA, x-ray and conductivity measurements. 



151 


711,2 RESULTS MD DISCUSSION 

(a) Struct tire of VOp-TiOg, VOp-NbOg and VOp-MoOg Systems 

4 22 

Pure VOp is monoclinic whereas TiQg is tetragonal 

(rutile) at room temperature; pure NbOp has a distorted rutile- 

18 17 

structure hut can be indexed on the basis of a rutile pattern * . 

We have investigated the crystal structures of a few solid 
solutions of \_ x Ti 3 ,° 2 (0.0 / x ^ 0.4) and V^NbOg 
(0.0 ^x ^1.0) by powder x-ray diffraction and the results 

are presented in Tables VII. 1 and 3. Our data on pure VO^is 

2 

in agreement -with those reported by Minomura and Nagasaki and 
23 

other workers . 

The results in Table VII. 1 show that the V 1 Ti 0 solid 

X iv 

solutions are monoclinic even when x = 0.4, the monoclinicity 

decreasing with increasing x. It is thus possible that the solid 

solution at x 0.6 may possess the rutile structure as reported 

22 

by Sakata and Sakata . The present results of the composition 

21 

x = 0,4, however, differ from iriya and Grossman , who have 
reported a rutile structure for this solid solution. The DTA and 
high temperature x-ray studies (Tables VII. 1 and 2 and Fig.VII.l) 
reveal that all the phases with the composition 0 ^ x 4 0 - 4 
undergo a phase transformation. The x-ray patterns at 80°C can be 
completely indexed on the basis of the rutile structure. The 
enthalpy of transition (Table VII. 2), AH, decreases with x just 
as the monoclinicity of the low temperature structure. This 




DTA curves (heating rate 16° min.“^ ) of VO- 

andV l-x z x °2 ( z= Ti > Nb orMo); _x_ 
values are shown next to the curves. 


Fig. VII. L 
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TA3IJS VII. 1 

Crystallographic Data on Y JTi 0 Sql*Ld Solutions 


At 25 °C 


X 

o 

a, A 

b, 1 

o. 1 

P, 0 

0.00 

5.744 

4.520 

5.376 

122.6 

0.02 

5.729 

4.530 

5.364 

122.3 

0.05 

5.727 

4.560 

5.390 

122.5 

0.10 

5.716 

4.499 

5.424 

122.0 

0.20 

5.704 

4.490 

5.448 

121.3 

0.40 

4.833 

4.380 

5.530 

97.9 

At 80 °C 





X 


o 

a. A 


c, 2. 

0.00 


4.559 


2.801 

0.05 


4.545 


2.844 

0.10 


4.537 


2.868 

0.20 


4.539 


2.891 

0.40 


4.546 


2.894 
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TABLE VII. 2 




DTA Studies on V. _Ti-'0 Solid Solutions 

-L -X. X 


X 

V ° c 

AH tr 

"1 

(cals mole ) 

0.00 

69^ 


750 

0,02 

65 


630 

0.05 

63 


600 

0.10 

60 


400 

0.20 

58 


190 

0.40 

48 


100 

(a) 

DTA peak temperatures; thermal hysteresis 

of ' 

15° is observed 


with all samples* 
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TABLE VII. 5 

Orystallographic Data on V Nb 0 Solid Solutions 


At 25°G 


Ja) 

a, X 

gjul 

c/a 

0.02^ 

4.510 

2.890 

0.64 

0.05^ Cj 

4.540 

2.880 

0.63 

0.10 

4.569 

2.880 

0.63 

0.30 

4.647 

2.870 

0,62 

0.50 

4.682 

3.033 

0.65 

0.70 

4.728 

3.040 

0.66 

0.90 

4.788 

3.009 

0.63 

1.00 

4.820 

2.980 

0.62 

(a) For x = o (pure V0g) 

a = 4.559 X and c 

= 2.801 X at ^ 

^80°C. 


(b) Rutile structure with monoclinic distortion at room temperature. 

(c) This solid solution is a distorted rutile at room temperature; 
below 7°C, this is probably like 2 % NbCL (monoclinic ally distorted 
rutile) . 
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appears intuitively reasonable since the magnitude of crystal 
distortion in a phase transition should, in principle, determine 
the magnitude of energy change. The electrical conductivity 
behavior to be discussed later also seems to support a non-rutile 
(monoclinic) structure for the low temperature phase of Vq gTi^ ^0^. 
The magnetic susceptibility anomaly^ of this phase (- — • 47°C) can 
only be explained on the basis of the present findings. In the 
high temperature rutile phases of V Ti CL the c/a value 
increases with xj w r hen x 0.6, the c/a value appears to become 
close to that of rutile. 

The room temperature lattice parameters of the solid 

solutions V 1 Mb 0 (0*0 / x / 1.0 ) are presented in Table ¥11.3. 

The lattice parameters for pure MbO^ (distorted rutile structure) 

and some of the solid solutions (rutile structure) are in' good 

16 17 S3 

agreement with the data available in the literature ’ * . We 

could not examine the high temperature x-ray pattern of KbO^ 

(above 800°C), but there seems to be little doubt that the structure 
17 

is that of rutile . DTA curves clearly show a sharp pealc 

corresponding to the distorted rutile — ^ rutile transition in 

NbOg around 800 °G with a A H of 250 cal/mole (Table VII. 4) . 

i 24 

The AH value differs from that reported by Kusenko and G.6 1 ’ d « 

17 

We also note that contrary to the findings of Sakata , there is 
a thermal hysteresis of / 10° in the GPA curve indicative of a 


first order transition 
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TABLE VII. 4 


DTA Results 

on V Kb 0 and 
1-x x 2 

\-x Mo x° 2 Systems 

V. Kb 0 o 

1-x x 2 

rp 0 

‘t’ 0 

(cals mole - ^) 

x = 0.00 

69 

750 

0.02 

42 

250 

0.05^ 

40 

200 

0.10 

- 

- 

0.50 

- 

- 

0.90 

- 

- 

1.00 

800 

250 

Vx M °°2 



x = 0.02 

45 ’ 

350 


(a) DTA pealc temperatures; considerable thermal hysteresis is observed 
in all the solid solutions as in V0 ? (AT ^15°) as well as in pure 
NbOg ( £*T ^10°). 

(b) Another transformation at 7°C with A H. of about - — ' 50 cals mole -1 
is also noticed. 
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It is interesting that eventhough the room temperature 
structures of pure V0 o and NbO^ differ considerably from the 
rutile structure, the solid solutions can be indexed on the basis 

vi 

of the rutile structure. Whereas the a parameter increases 
regularly with increasing values of x, the c parameter goes 
through a maximum in the range 0.5 ^ x ^ 0.6 (Table VII. 3), 
an observation made by Rudorff and Marklin. It appears that the 
ionic radii play a prominent role in stabilizing the rutile 
structure in the solid solutions, since r^.j+4 •§■ (r^+^ + r^+ 4 ) . 

There seems to be a compromise between the monoclinicity of VO,, 
and the deformed rutile lattice of NbO,, to give rise to a normal 
rutile structure (which is the structure of the high temperature 
•metallic 1 phase of VO^ as well as KbO,,) throughout the composition 
range, 0*05 <( x 1.0, approaching the ideal structure at the 
composition x fa 0*5* When x = 0.02 the room temperature (25°C) 
phase seems to possess the rutile structure with monoclinic 
distortion; at x = 0*05 the room temperature structure is 
probably distorted rutile (as in Nb 0 g ); this may change to a ■ 

monoclinic structure at lower temperatures (see the section on 
conductivity) . The stabilization of the rutile structure above 
x y 0.05 is reflected also in the electrical properties of these 
solid solutions which will be discussed later. The possibility 
exists that at low temperatures, distorted rutile structures may 
be present upto x = 0,1. The susceptibility data of Rudorff and 

05 

Marklin"' give some indications of this behaviour; these workers 
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find discontinuities in ~)C at low temperatures for compositions 
0.1 ^ x ^ 0.4 and no discontinuity when x y> 0.5. DIA studies 
carried out in an inert atmosphere, of solid solutions V. Hb 0 
(0.1 ^ x .^0,9) failed to show the phase transformation of 
either V0 (~70°C) or Nb0 g ( — 800°C) (Table VII.4 and Fig. VII. l). 
When x = 0.02 there is transformation to the rutile structure at 
42°0, a temperature much lower than in pure VO^. Whon x = 0.05, 
there is transition at ^40°C with a AH of ~ 200 cals mole**^ and 
another at 7°C with a All of less than 100 cals molaT^. 

The solid solution V^ qqMoq Q^Og possesses a distorted 
rutile structure, the exact nature of distortion not being clear 
(Table VII. 5) . It undergoes a transition to the rutile structure 
at 45°G (Table VII.4), with an enthalpy of about 350 cals mole"^. 
All these transformations are accompanied by appreciable 
hysteresis . 

(b) Semiconductor-to-Semimetal Transition in V0^ 

The four probe conductivity data on pellets of pure VO^ 

clearly show a transition at 68 °G although it is not as abrupt as 

in single crystal materials (Fig. VII. 2). At T q the conductivity 

2 4 

jumps only by a factor of 10 compared to 10 reported by Ohashi 
25 

and Watanade on polycrystalline samples 'of V0^. It is, however, 

gratifying to note that the observed room temperature conductivity 

is in excellent agreement with the data on single crystals and 

8 10 25 

polycrystalline pellets reported by other workers * * 


We find 
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TABIE VII, 5 

X-ray Data (26 values in degrees) on qqMOq 


V °2 

(monoclinic) 

V 0.98" IO 0.02°2^ 

™ 2 

(rutile) 

at 25°C 

(at 25°) 

at 80 °G 

26.92 • 

- 

- 

27.85 

27.63 

' 27.73 
28.05 

A A 

•JO 


- 

36.96 

37.08 

37.28 

42.08 

40.61 

40.72 

42.52 

42.20 

42.13 

- 

44.68 


44.56 


47.28 

47.22 

52.98 

- 

- 

55.52 

55.43 

55.68 


57.53 



(a) Assuming a distorted rutile we find, a=4.560 1 and c=2*863 %. 
(c/a od 0.63) . 




2.7 2-9 3-1 2-9 3-1 3-3 

lOOO/T (°Kj lOOO/T (°K) _1 


Fig. VII. 2. Plot of electrical conductivity ( ohm'^cm' 1 ) versus 
reciprocal of absolute temperature (heating curves): 
(a) V l-x Ti x ° 2 ; (1) - = ° : (2) - = °* 02: (3) i = 0.1; 

(4) x = 0.20; (b) V, Nb 0 ? ; (1) x = 0. 02 ; (2) x =0.05. 

JL—X X C* ■ mmm . mmm . . 
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that the conductivity behavior of VOg does not improve signifi- 
cantly by talcing the material through heating and cooling cycles 
through the transition temperatures several (more than three) 
times. 

8 

Neuman and coworkers have found that the conductivity 

at room temperature for VOg increases rapidly as x deviates from 

2.0 in VO^. The agreement of our conductivity data for VOg with 

those for the single crystal and polycrystalline samples reported 
8 10 25 

by other workers 9 9 indicates that the stoichiometry of the 

samples presently investigated is likely to be close to VOg. 

Further, the value of 0 .15 eV evaluated from the log <y- versus 

l/T plot (not shown in the Figure) in the low temperature region of 

10 

VOg is in excellent agreement with that of Ladd and Paul on 
single crystals of pure VOg. In the immediate vicinity of the 
transition, E a increases to ~ 0.5 eV, slightly lower than the 
values of Ladd and Paul (0.5 oV) and Ohashi and Watanabe* 

(0.42 eV), Further, we have noted a thermal hysteresis of 5-5°C 
in VO g transition while cooling the sample. 

(c) Conductivity Anomalies in V Z 0 (Z = Ti, Nb or Mo) 

_ _ JL’-OC iX (L 

The room-temperature rf of V^^Ti^Og with x = 0.02 - 
0.20 is higher than that of pure VOg, or being maximum when 
£ ^ 0,10j when x cf, 0.40, however, the room temperature < 5 " is j 
lower than in pure V0g. The T^_ values determined from the - T } 
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data (Table ¥11.6) agree -well with the DT A results (Table VII. 2) , 

The jump in conductivity, ,A< 5 ~ , at T^ is always smaller in the 

solid solutions than in pure VQg, A. CT is largest when x = 0.02 

and lowest when x = 0.40. The values above T^ are of the same 

magnitude for 0.02 4 s 4 0.20 even though the <$- values at 

T(T t are appreciably different (Fig. VII * 2 a). In this regard, 

the CT"-T curves of the present study are similar to the "T^-T 

5 

curves of Rudorff and coworkers rather than those of Ariya and 
Grossman* Rudorff and coworkers find that X values of the 
solid solutions are similar above T^, but considerably different 
below T^. All the solid solutions presently studied, 

0.02 ^ x ^ 0.40 (as well as the composition with x = 0.01 
studied ly MacOhesney and Guggenheim ) show semiconductor 
behavior above T^ with activation energies (E ) in the range 

0.25 - 0.45 eV (Table VII. 6 ). Our results support the observation 

26 4+ 

of MacOhesney and Guggenheim. that the incorporation of Ti in 

V0 g reduces the T. , but are in disagreement with the data of Futaki 
P7 27 

and Aoki ' . Futaki and Aoki also report that T^ in such solid 
solutions increases with c-axis of the (high-temperature) rutile 
phase. The pie sent results on the series of V. Ti 0 solid ' 
solutions, however, show the opposite trend. 

In the monoclinic structure of VO,,, addition of Ti 
creates holes in the valence hand and decreases the energy gap 
thereby causing higher < 3 " at T \ T^ and lower at T^. In pure 
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TABLE VII. 6 

Electrical Conductivity Data on V. Z 0 Systems (Z = Ti, Kb or Mo) 


Composition 

40 °C 

Electrical conducitivity 


X 

ohm’*'*' cm - '*' 
x(l0 2 ) 

T t ,°C 

E , 

1 4 T t * 

eV 

T > T t 

0.00 

0.80 

69 

■ 0.15^ 
(0.28) 

- 

V. Ti 

1— x x 2 

0.02 

1.20 

65 

0.18 

- 

0.05 

- 

- 

- 

- 

0.10 

5.80 

63 

0.15 

0.25 

0.20 

4.70 

58 

0.23 

0.-43 

0.40 

0.25 

45 

0.16 

0.31 

V?i°! 

0.02^ 

4.5 

35 

0.13 

0.41 

0.05^ 

5.9 

34 

0.12 

0.33 

0.10 ^ 

2.8 

- 

0.06 

- 

V. Mo 0„ 

JdsCjsJL 

0.02 ° 

4.6 

40 

0.12 

0.41 


(a) Monoclinic at 25°C. 

(b) Value in parenthesis indicates just before transformation. 

(c) These have monoclinic distortion but have been indexed as rutile 
structure* 

(d) Shows another transition at 7°C (Monoclinic distorted rutile as 
in EbOg) with a AH~50 cals mole- 1 (Fig. VII. ); The 40°C trans- 
formation may be from distorted rutile -to. rutile. At 7°C, we observe 
a change in the slope of log <g~ vs l/T « 

(e) Rutile structure at room temperature. 
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4+ 4+ 

VOg, the homopolar V -V bond can trap conduction electrons 

28 

in the low-temperature phase . Apparently heteropolar bonds 
present in the solid solutions are not as effective in the 
trapping of charge carriers. The C~ (just as the AH) in the 
solid solutions decreases with the monoclinic ity of the low 
temperature phase (Table VII. 1 and Fig. VII. 2a). This is reason- 
able since the magnitude of crystal distortion should in principle 
determine these changes. The c/a ratio of the high-temperature 
rutile phase approaches the value in pure TiOg at high x. This 
would cause a decrease in <T” above with increase in x as 

observed experimentally. Above T, it is possible that the A 

u cc 

29 

and jy are much lower than the critical overlap necessary 
cac * 

to make them metallic. 

In the solid solutions, V. Kb 0_, the T. and A CT are 

-L •■•X X it u 

both lower when x = 0.02 and 0.05 (Table VII. 6 and Fig. VII. 2b); 

the conductivities of the low- temperature phases are higher 
compared to pure VOg. It is interesting that T^ is about the same 

when x = 0.02 and 0.05. The high-temperature rutile phases are 

semiconducting with E^ in the range 0.3 - 0.4 eV. When x = 0.05, 

we have noticed a change of slope in the CT -T curve at • — • 7°G 

In addition to the transition at 40°C. This is in accord with 

the DTA curve (Fig. VII.l) , which shows two phase transitions, 

the one at ^J7 °G being associated with much lower AH. When 

x = 0.10, the rutile structure is stabilized and we do not see 

any transition corresponding to pure VOg or pure NbOgj instead 
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it is semiconducting with a very low E„ of 0.06 eV in the 

a 

range 20 - 85°C. 

The solid solution with 2 % MbO^ shows a. higher c3~ of 
the low-temperature phase compared to pure VO^, lower and 
/\<T« Here again, the high -temperature phase shows semiconduc- 
ting behavior with an E a of 0.4 eV. The 5 % Mo0 g sample appears 
^0 

to be metallic . 

VII. 3 EXPERIMENTAL 


The methods of preparation of pure V0,>, HbO^ and the 

31 

solid solutions are available in the literature . The phase 

transformations were studied by recording the differential 

thermal analysis (DTA) curves employing an Aminco Thermoanalyzer . 

32 

The ZIH values were obtained from DTA peak areas employing the 

-1 

value of 750 cals mole for pure V0^ as standard. 

The x-ray patterns were recorded on a XRD-6 General 
Electric diffractometer attached to a sample holding furnace 
assembly with a temperature programmer and a voltage stabilizer. 

Gu radiation ( A = 1.5405 i) was used. 

DC conductivity measurements (both by two and' four 

probe techniques) were made on poly crystalline pellets. The 

description of the conductivity set up and the procedure for 

33 

conductivity measurements are described elsewhere • 
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CHAPTER VIII 


PHASE TRANSFORMATIONS IN SOME HALIDE SYSTEMS 



CHAPTER TOI 


PHASE TRANSFORMATIONS IN 
SOME HALIDE SI STMS* 


VIII.1 INTRODUCTION 

An examination of the recent crystallographic literature, 

particularly the monographs on x-ray diffraction patterns published 

1 

by the U»S» National Bureau of Standards revealed that some of 

% 

the compounds of the general formula, ABCl^ -where A is Cs or Rb 
and B is Fb or Cd, exhibit interesting phase transitions. The 
reported space groups suggested the possibilo ferroelectricity 
in some of these halides. Since the observation of ferroelectricity 
in such simple compounds is of considerable interest, we considered 
it worthwhile examining the phase transitions in these compounds. 
While the phase transitions in some of the chlorides have not 
been completely described in the literature, there is little or 
no information on the phase transitions of the corresponding 


* A communication based on part of this work has appeared in 
Physics Letters, g9A , 528 (1969) . 
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bromides or iodides. We have presently investigated the crysta- 
llography and' phase transitions of the chlorides, AEGl^, as well 
as of the corresponding bromides and iodides. In addition, we 
have studied the phase transition in CsGuClg which has not been 
reported in the literature. 

VIII. 2 RESULTS MD DISCUSSION 

(a) Phase transition in CsPbX^ (X — Cl, Br, or I) 

CsPbCl 3 : 

2 

Miller reported the crystal structure of CsPbCl^ to 
be tetragonal (C^ - P4mm; a = 5.590 1, c = 5.477 S.)^; he has 
also reported a phase transformation of CsPbCl^ at ^..,47°C from 
a tetragonal structure to a cubic perovskite structure (a = 5.605 S. 
above 47°C) . The volume change, £, V, accompanying the transfor- 
mation is negligible and on this basis the transformation was 
reported to be a second order one. The hysteresis, AT is also 
negligible accordingly. Recently, Sakudo and c oworkerd* have 
identified a new phase transition around 40°C based on x-ray, 
elastic and acoustic measurements? they observed superstructure 
at this transition temperature. Tooborg x has investigated two 
phase transformations in CsPbGl^ by NQR measurements and finds 
that the transformation at 47°C is first order while that at 
rx.-4o°C is a second-order one* 
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OTA (Fig, VIII. l) studies show that the transition at 

47°C is associated with a very low enthalpy (<--■' 20 calories mole - ^) ; 

OTA curves* however, failed to show any transformation around 

3 

40°G as reported by Sakudo and coworkers . The transition at 47°C 
is accompanied by a change of colour from light yellow to dark 
yellow. The low enthalpy and the absence of . thermal hysteresis 
indicate a second or higher order transition at 47°C^. The 
dielectric constant of CsPbCl^ (Fig. Till. 2a) shows an anomaly 
at 47°C» There is also a marked increase in the dielectric 
constant in the 35-40°C region possibly due to the new trans- 
formation reported by Sakudo and coworkers? No dielectric 
hysteresis was observed in CsFbCl^ in the transformation 
region (25 - 60°C). 

The present findings along with the observation of 
3 

superstructure indicate that below 47°C CsPbCl^ is possibly 
antiferroelectric. The tetragonal to cubic transformation 
probably corresponds to' a change from the antiferroelectric phase 
to the paraelectric phase. We find that the tolerance factor 
for the perovskite CsPbCl^ is 0.826; this would favour the distor- 
tion from the nonpolar cubic phase to the antipolar tetragonal 

phase. Such tolerance factors of less than unity are also found 

6 7 

in other antiferroelectrics such as PbZrOg and PbHfOg « 

CsPbBr 3 : 

CsPbBr^ crystallizes in the distorted perovskite 
8 

structure (orange colour); an orthorhombic form (colourless) 




Fig. VIII. 1 DTA curves of the mixed halides. RbCdClj (A) 
prepared from aqueous solution; RbCdCl 3 (B) 
prepared from the melt. The transition at <—28 C 
was not reproducible in subsequent runs with 
fresh samples. 
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is o structural with NH^GdCl^ is also known to exist at 25°G. 

CsPbBrg is reported to transform at ^•150°G to a cubic perovskite 
structure (a = 5.874 2} . The volume change, /\ V, accompanying 
the transformation as well as the thermal hysteresis, AT, axe 

negligible suggesting that the transition is likely to be a 

5 q 

second order one . NQJt investigation by Volkov and coworkers 

indicate another transition around -106 °G which is likely to 

be a second order one. Volkov and coworkers suggest that the 

transition at 130 °C is first order transition contrary to the 
8 

report by Miller • 

Our DTA studies show a reversible peak (Fig. VTII.l) 
at — 130°G with an enthalpy of ■ — ’ 250 cals mole"^. The 
hysteresis is negligible and the transformation is likely to 
be a higher order one* The measurement of dielectric constant 
as a function of temperature indicates two anomalies, 
one at 110°C and the other at-^139°C (Fig. VIII. 2b) . The 
dielectric anomaly at H0°C may be akin to the one in CsPbCl^ 
at 40°C, ho ferroelectric hysteresis loop was observed in the 
region 25 - 140°C. It is possible that the transition at 
~139°C is from an antiferroelectric phase to a paraelectric 
phase just as in GsPbCl^. The tolerance factor calculated fcr 
CsPbBr 3 is - — 0.8123. 

CsPbI 3 : 

Miller 8 reported a monoclinic structure (a = 6.23 1, 
b = c = 6*15 1; A = 91°, 45*) for CsPblg (brownish yellow) below 305°C. 
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Above 305°C it is monoclinic ally distorted perovskite structure 
(in which the material is black in colour) with the space group 
Pm.Cn; the lattice constants are known to be: 

a = b = 6.15 1 ; c = S.23 jO = 88°, 15 1 . 

9 

Recently Volkov and coworkers have reported that the 

structure of CsPbl^ below 305 °C is orthorhombic and that it is 

isostructural with the colourless (orthorhombic) form of CsFbBr- ; 

o 

above 305°C, the material possesses a distorted perovskite structure 
as well as an (yellow form) orthorhombic structure. 

Our DTA investigations showed an endothermic peak ^ 340°G 
(Fig. VIII *l) . The transformation is reversible and the enthalpy 
is •-'-'1000 cals mole " L , Dielectric constant measurements show 
an anomaly (Fig. VIII* 2c) at ~ 150°C (probably akin to those at 
^40°C in CsPbClg and at 110°C in CsPbBr^) and another at 

350°C corresponding to the DTA peak (Fig. VIII. l) . DTA, however, 
does not indicate the 150°C transition. No ferroelectric hysteresis 
loop is observed in the 25° - 350°C range. It is possible that 
the transition at ^ 340°C of CsPbl^ is similar to the 47°C 
transition in CsPbCl^ or/and the 130° transition in CsPbBr^. 

(b) Phase Transformations in RbCdXg (X = Cl, Br or i) 

RbCdCl 3 : 

RbCdClg is known to transform from an orthorhombic 
stricture, I, (D^| - Pnam; a = 8.959 + 0.001 il, b ^ 14.976 + 0.002 2. 
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and c = 4.0346 + 0.0004 1) to a tetragonal structure, II, 

a = 10*304 & and c = 10.399 1) around 140°C^. The tetragonal 

structure then transforms to an undistorted cubic perovskite (ill) 

1 

around 190 °C . The dimension of the cubic unit cell has not been 
reported in the literature. While the cubic form rapidly reverts 
to the tetragonal form on cooling, the tetragonal form is reported 
to persist for an extended periods of time even at room 
temperature^ • 

The sequence of transformations reported in RbCdClg is 

similar to that in BaTiOg where the orthorhombic and tetragonal 

10 

phases are ferroelectric . This similarity in the phases as wellas 
the fact that many of these halides mentioned before do have a 
common structure namely a distorted perovskite (in some temperature 
range) tempted us to examine the possible f erroelecticity in some of 
these materials particularly in EbCdClg. We have presently 
examined the phase transitions of RbCdClg employing high-tempera- 
ture x-ray diffraction differential thermal analysis, dielectric 
constant measurements and hysteresis loop observations. We were 
particularly interested in the reverse transformation, of the 
high temperature structure. 

RbCdClg prepared from aqueous solution transforms from 
structure I to II around 140°G . Structure II is stable upto ^ 200°C 
above which it transforms to a cubic perovskite structure (III) 
with a cell constant* a = 10.3280 + 0.005 % at 225°G. The OTA 
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curves corresponding to these transformations are shown in 
Fig. VIII *1, While III readily reverts back to II on cooling, 
structure II transforms to I only slowly depending on the 
temperature of quenching (Fig. VIII. 3). If the quenching 
temperature is 35°C, it takes nearly four hours for II to come 
back to I (Fig. VIII. 3) . However, if samples heated to tempera- 
tures above 140°G are quenched to 0°G or -190°C, II transforms 
back to I almost immediately (Fig. VIII. 4) . Further there was 
evidence, in the x-ray patterns, for the presence of small 
proportions of II (Fig. VIII. o) after 4 or 5 hours when quenching 
at room temperatures. 

HbCdClg prepared by the fusion method, when suddenly 
quenched to room temperature exhibits the tetragonal structure II, 
as evidenced by x-ray diffraction patterns. The DTA curves 
(Fig. VIII.l) thus show only the II III transformation. Sample 
of RbCdGlg obtained by fusion method comes back to I only on long 
standing, at room temperature, extending over a few days. Quenching 
at low temperature of this sample also stabilizes RbCdCl^ in I, 
at room temperature. These studies clearly bring out the meta- 
stable nature of structure II. The enthalpies of I II and 

II — y III transformations estimated from DTA peak areas are 2300 
-1 

and 200 cads mole respectively. The £\ H value of I— ->II is 
considerably smaller unless care is taken to see that the starting 
material is in orthorhombic structure (i). This is particularly 
true of the sample prepared by fusion. Besides I — ^II and II— ^ III 
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Fig. VIH. 5 Coexistence of the lines due to the tetragonal 
and orthohombic phases in RbCdC^ quenched 
to room temperature. 
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transitions, EbCdCl^ prepared by solution showed another peak 
in the DTA curves at — 28°C (Fig. VIII. l)*. 

Dielectric constant measurements were made from -150°C 
to 250 C G to characterise the various phase transitions. Dielectric 
anomalies are clearly seen at 28°C, ^ 140°C and -~'200°G 
(Fig. VIII. Sa) consistent with the phase transformations observed 
in the DTA curves (Fig. VIII. l) . 

Although we have noticed some ferroelectric loops 
disappearing at the transition temperature, 140 °G and at - — ' 200°C, 
we are not sure of these observations since many of these were 
not exactly reproducible. Looking at the dielectric constants, 
we do not expect ferroelectricity in this material. More detailed 
investigations of the crystallography and dielectric hysteresis 
are necessary before arriving at conclusions regarding the 
phase transitions in RbCdCl^. 

RbCdBr^ and RbCdlg : 

The preparation and characterization of RbCdBr^ and 
RbCdlg are not reported in the literature. Our preliminary 
Investigations show that RbCdBr^ is orthorhombic (a = 8,950 i, 
b = 15.380 1 and c = 3.954 1) and Is probably distorted. DTA 
shows an endothermic peak at r~ / 120°C with an enthalpy of about 


# We have not fully investigated this transformation. The 
crystal structure of RbCdClg below this temperature ( 28°C) 
is yet to be established. 
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1100 cals mole ^ (Fig. VIII* l) . The transformation is not readily 
reversible and is likely to be similar to the I - II transition 
in RbCaCl„. The transformation is also indicated by the dielectric 
anomaly (Fig. VIII. 6b) at ^ 105°C. The large transition enthalpy 
suggests that transition is likely to be of first order. 

RbCdl^ is found to possess distorted rutile structure 
(a = 10,4 c = 10.82 1), isostructural with CsPbClg. DTA shows 
an endothermic peak (Fig. VIII.l) at 130 °G with a large enthalpy 
of transition ( 2250 cals mole ) suggesting a first order 
transition. The transformation is not readily reversible. Two 
dielectric anomalies at 128° and also at 160°C (Fig. VIII. 6c) 
have also been noticed. No satisfactory and reproducible 
ferroelectric hysteresis loops were observed either in RbCdBr^ or 
in RbCdlg. The tolerance factors of RbCJdXg are less than unity. 

(c) Phase transition in CsCud^: 

CsCuClj is hexagonal (Dg - P6^22j a = 7.2165 S. and 

c = 18.1800 %) and no transformation has been reported for this 

1 

compound in the literature . The crystals of CsGuClg formed as 
dark red hexagonal prisms terminated by bipyramids. On grinding 
to powder the colour of the sample changed to dark arange yellow. 

Our DTA investigations showed an endothermic transition 

-1 

at ^ 140 °C (Fig. VIII.l) with an enthalpy of about 450 cals mole . 
The transformation is reversible and is accompanied by an appreci- 
able thermal hysteresis of about 10°, The fairly large AH value 
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and the presence of hysteresis suggest that the transformation is 
a first order one. The high temperature structure was ascertained 
by x-ray investigations and found to be face-centered cubic with a 
lattice constant, a = 6.2205 + 0.005 % (at 190°C). 

(d) Concluding remarks : 

The important results obtained on the phase transforma- 
tions of the halides of the general formula, ABX^ are summarized 
in Table VIII.l, The phase transformations are undoubtedly 
interesting and further studies are required to understand the 
detailed nature of these transitions. 

VIII. 3 EXPERIMENTAL 

The samples were prepared by either mixing the aqueous 
solutions of the constituent halides and subsequent evaporation 
(where they are freely soluble in water) , or by fusing the two 
halides at 500 °C (if they are sparingly soluble in water). 
RbCdBr^ and RbCdlg were prepared by evaporation of aqueous 
solutions. 

The phase transformations were examined by differential 
thermal analysis (DTA) employing an Amineo Tbermoanalyaer and 
the procedure for estimating £\H values etc., have been described 
in the earlier chapters. 

X-ray diffraction measurements were made on a General 
Electric XRD-6 diffractometer fitted with a sample holding furnace 
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TiBLE VIII.l 

DTA Results on Mixed Halides 


Halides 

Transformation 
temperature, °C 

(cals mole""-*-) 

Tolerance 

factor 

GsFbClj 

47 

20 

0.826 

CsFbBr 3 

130 

250 + 25 

0.813 

CsFblg 

310 

1000 + ioo 

0.806 

RbCdClJ a ^ 

3 (?) 

28 

350 + 50 

0.835 

(I-^II) 

137 

2300 + 250 


(II~>III) 

190 

200 + 25 


RbCdBr^ 

120 

1060 + 100 

0.828 

RbCdl^ 

. 130 

2250 + 250 

0.820 

CsCuCl^ 

140(130) 

450 + 50 

- 


(a) RbGdGlj I is orthorhombic, II is tetragonal and III is perovskite 
cubic* 

(b) Orthorhombic at 25°C (a = 8.95 2, b = 15.38 2, c = 3*954 2). 

(c) Distorted perovskite at 25°C (a = 10*4000 2, c = 10.8200 2). 

(d) T __ is given in parentheses. 

reverse 
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attached to a temperature programmer. CuK^- radiation was used. 

Dielectric constant measurements (at 1 kHz) of the 
samples x^jere made on polycrystalline pellets, supported by a 
spring load between platinum discs in a conductivity cell, 
employing a General Radio 1650-A bridge. 



The author is thankful to Dr. B. Prakash for help in 
some of the measurements. 
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Cesium. chloride transforms from the GsGl structure (PmSa) 
to the 1'TaCl structure (Era3m) at — ^480°G; the transition is accompanied 
by considerable thermal hysteresis ( AT 35°) ; the molar volume 
change, AV, accompanying the transformation is • — * 7.34 c,c 
Addition of KC1 to CsGl reduces the temperature of the Pm3m-EkSn 
transformation and at-~-30$ KC1 the solid solution is stabilized 
in the ErnSm. phase. Addition of CsBr to CsCl, however, increases 
the transition temperature as -well as the enthalpy of transition. 

Thus, KC1 and CsBr produce opposite effects on the Pm3m-Fm3m 
transformation of CsCl. 

The AV of the Pm3m-Em3m transition increases slightly 
•with the addition of KC1, while the AV shows a marked decrease 
in the CsBr solid solutions. Apparently, the first order 
characteristics of the CsCl transformation are still maintained 
in KC1 solid solutions while in CsBr solid solutions higher 
order components seem to be present. Accordingly, we have found 
evidence for the coexistence of the Pm3m and EmSn phases in some 
.CsBr solid solutions in the neighbourhood of the transition 
temperature. These divergent behaviours of the C 3 CI-KCI and 
CsCl-CsBr systems can be explained by employing Bom's pheno- 
menological treatment of ionic solids with a four-parameter 
repulsive term; we however, find it necessary to employ a higher 
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van der Waals term In order to obtain satisfactory solutions* 
The Bom treatment could account for the stabilization of the 
30^ KC1 solid solution In the Ph3m structure as well as the 
increase in transition enthalpy with % CsBr. 

The Pm3m-Fm3m transformation temperature of CsGl is 

slightly lowered by the incorporation of vacancies (through the 

addition of Sr ) , In order to obtain the formation energie s 

of Schottky defects in the Pm3m and Fm3m structures of CsCl, 

+2 

we have carried out ionic conductivity measurements on Sr 
doped CsGl samples j the formation energies thus obtained are 
1.4 eV and . — / 2.0 eV respectively. These studies indicate that 
the Pm3m-Rii3m transformation may be facilitated to a small 
extent by cation vacancies even though the basic mechanism may 
involve dilatation along the body diagonal. 

The oation vacancy migration energy in CsCl is consi- 
derably lowered by the addition of K + and Rb + (especially at 
compositions where Pm3m phase gets stabilized); Br slightly 
increases the cation migration energy,. These results can be 
understood in terms of the differences in the sizes of the 
additive ions* The association enthalpy for the formation of 
the complex between the cation vacancies and the Sr ions 
has been calculated from conductivity data. The values in 
the Pm3m and Em3m phases are found to be 0.40 and 0.35 eV 
respectively; after making corrections for the long range 
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interactions (Debye-Huckel corrections), the value in the Em3m 
phase is increased by 20$, 

Phase transformations in silver iodide, including the 
interesting transition from B3 (low cubic, sphalerite) — B4 
(hexagonal, wurtziite) have not been clearly described in the 
literature. While we have no doubt regarding the existence of 
the B3 polytype, we find no evidence from differential thermal 
analysis (DTA) or x-ray studies for the existence of the B3 ~>B4 
transformation. Both B3 and B4 seem to directly transform to 
the B23 (high cubic) structure in the range 140-146 °G. Electrical 
conductivity studies seem to suggest the possibility of the B4 
intermediate in the B3 — ^ B23 transformation, but we failed to 
see any reflections due to B4 in the high temperature x-ray 
patterns • 

Addition of AgBr to Agl decreases the temperature of 
the B3/B4 — > B23 transition, up to 10-15$ AgBr; the thermal 
hysteresis and £x.V accompanying the transformation increase 
slightly with % AgBr (upto ~ 10$ AgBr) . It appears that 
^-10$ .AgBr goes into solid solution with Agl in B3, B4 and 
B23 structures and the solid solutions retain the first order 

characteristics of the B3/B4 >B23 transition of Agl. At 

higher percentages of AgBr, solid solutions, of B1 (Hn3m, NaCl 
type) structure are formed; we may note here that the B1 
structure of pure Agl is noticed only at high pressures* 

Agl goes into solid solution (of B1 structure) with AgBr 
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up to 25$ igl* ill these data along with the melting charac- 
teristics of the solid solutions have been employed to construct 
a partial phase diagram of the Agl-AgBr system (Fig. 17.7) Born 
model of ionic solids with two repulsive parameters explains the 
B3/B4 B23 transition of Agl as well as the relative stabilities 

of the B3 and B1 phases of the igl-AgBr solid solutions. The 
Born model also explains the (B3->Bl) pressure transition of 
•Ag I as well as the pressure transitions of AgBr and AgCl from 
B1 to B2 (Em3m, CsCl type) structure. We have found it necessary 
to employ higher van der Waals terms in the lattice energy 
expressions of these solids as well. 

The enthalpy and thermal hysteresis in reversible 
crystal stricture transformations are considerably affected 
by particle size effects* The thermal hysteresis, AT, 
decreases with increasing particle size and for a given sample 
A T decreases with the rate of heating. We find large thermal 
hysteresis (/—' 12 °) even in quartz when the particle size is 
around 5 microns. The variation of thermal hysteresis with 
particle size has been explained in terms of Turnbull * s theory 
of heterogeneous nucleation. We have calculated interfacial 
energies from Turnbull's theory as well as from the DTA curves. 
From a knowledge of the crystal structures of the initial and- 
final phases, interfacial energies have been estimated following 
the procedure of Bruce. These different estimates of interfacial 
energies show fair agreement with one another. 
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The enthalpy change associated with the phase trans- 
formation of a solid increases with decrease in particle size. 

This effect is likely to he due to the higher surface energy of 
the smaller particles. We have attempted to treat the effect of 
particle size on the enthalpy change quantitatively. 

Crystallization of amorphous oxides is found to be highly 
exothermic j the energy of activation for crystallization is quite 
small. The heat of crystallization of amorphous oxides will 
undoubtedly depend on the method of preparation, sample history 
etc. 

Thermal and particle size effects in magnesium oxide form 
an interesting aspect of study in this thesis. The heat of solution 
of MgO decreases with the temperature of preparation. While the 
surface area decreases with the temperature of preparation, 
crystallite size increases enormously. We are unable to explain 
the higher energy associated with finely divided MgO samples 
(prepared by the low temperature decomposition of the hydroxide) 
on the basis of particle size effects alone. Apparently, there 
is some pseudocrystallization of MgO particles accompanied by a 
small evolution of heat. 

Metal oxides such as V0 g and V^O^ are semiconducting or ■ 
metallic depending on the temperature. The semiconductor-metal 
transition of VOg at 69°G is accompanied by a transition from 
the monoclinic (MoOg type) to the tetragonal (rutile) structure. 
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The addition of ions like Ti (upto 40$) decreases the 

monoelinicity of the low temperature form of VOg. The temperature 

and ohic the enthalpy of the transition decrease with increasing 
+4 

percentage of Ti . The magnitude of the change in electrical 

conductivity at the transition temperature is also lowered 
+4 

appreciably byTi . These results are understandable since the 

magnitude of crystal distortion in the transition decreases 
, -f-4: 

with $ Ti • 

+4 

In the monoclinic structure of VOg, addition of Ti 

creates holes in the valence band and decreases the energy gap 

thereby causing higher o~ at T / T^ and lower Act at T^, In VOg, 

the homopolar V - V bonds can trap conduction electrons in the 

low temperature phase* Apparently, the heteropolar bonds in the 

solid solutions are not as effective in the trapping of charge 

carriers. The c/a ratio of the high temperature rutile phase 

+4 

approaches the value in pure TiOg at high Ti content. This would 

+4 

cause a decrease in <s~ above T^ with increase in % Ti as 
observed experimentally. 

HbOg undergoes a transformation from distorted rutile to 

+4 

rutile structure at 800°C. Addition of Nb to VOg has profound 
effects on the phase transition of VOg. 2 $ HbOg reduces the T^ 

( 42°C) and AH of the transition. The solid solution containing 

5$ KbOg seems to indicate two phase transitions at -~7°C and 38°G. 
10$ NbOg stabilizes the solid solution in the rutile structure and 



167 


we fail to ace any transition corresponding to either VOg or FbOg . 
The solid solution Vq^qqMOq QgOg shows a transition at — ' 45°G. 

All the solid solutions of VOg presently studied show 

semiconducting behaviour above the transformation temperature. 

It appears that the semiconductor-metal transition of VOg becomes 

a semiconductor-semiconductor transition with the incorporation 

+4 . . +4 

of even the smallest amounts of ions like Ti ( >1%) and Nb . 

Compounds of the general formula CsPbX^ (X = Cl, Br or i) 

show interesting phase transformations. CsPbCl^ transforms from 

distorted tetragonal to cubic perovskite at 47°C with a low 

-1 

enthalpy of about 20 cals mole . The volume change and thermal 
hysteresis are negligible. A dielectric constant anomaly is also 
observed at ~ 47°C. CsPbBrg transforms from a distorted perovskite 

to a cubic perovskite at — 130°C with c.n enthalpy of 250 cals 

-1 

mole . The AV and A T are small as in CsPbClg, A dielectric 
anomaly is noticed at 139°C. CsPbl*. transforms from a mono- 
clinic structure to a monoclinically distorted perovskite structure 

-1 

at '•x/ 305 °G with a A.H ^ 1000 cals mole ; a dielectric anomaly ■ 

is also seen at 340°C, It is possible that the phase trans- 
formations of the three CsPbXg compounds are associated with a 
change from an antiferroelectric phase to a paraelectric 
phase . | 

KbCdClg undergoes a series of transformations . It changes! 
from orthorhomibic to tetragonal at 137°C (AH ~2300 cals mole"^ 
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which further changes to a perovskite cubic structure at <-^-190°G 
( 1XH ^ 200 cals mole”^) . The cubic perovskite is readily reversible 
to tetragonal whereas the tetragonal reverts to orthorhombic 
structure over a period of -time. X-ray and DTA investigations 


on quenched RbCdClg reveal that the tetragonal phase is metastable. 
The phase transformations of RbCdGl^ are accompanied by dielectric 


anomalies. 


There was no evidence for ferroelec tricity in RbOdGl^ . 


Preliminary studies on RbCdBr„ and RbCdlg show that 
KbCdBr^ is orthorhombic at 25°C (isostructural with RbCdCl^} and 
that RbCaljj. is distorted tetragonal (similar to GsPbCl^) . RbGcffirg 
and RbGdlg show phase transitions at 120° and 130°C respectively 
with enthalpies of 1060 and 2250 cal/ mole respectively. These 
transformations are also accompanied by dielectric anomalies 
at T.j.» 


CsCuClg transforms from hexagonal to face-centered cubic 
structure at 140°G with an enthalpy of about 450 cals mole 
The transformation is accompanied by thermal hysteresis ( ^ 10°) , 
suggesting that it is possibly of first order. 
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T he transformation of aragonite to calcite (A-C) is an irreversi- 
ble reconstructive transformation involving a change from 6 
to 9 in the primary coordination. The transformation is therefore 
expected to be sluggish and associated with high activation en- 
ergy. 1 Although the thermal transformation of A to C has been 
examined by several workers, there is limited information in the 
literature on the effect of impurities on the enthalpy, kinetics, and 
energetics of the transformation. Such a study is of value be- 
cause most reported preparations of aragonite were in the presence 
of impurities. Furthermore, it is well documented that impurities 
markedly affect the phase transformations of solids. 1 The effect of 
impurity cations on the A-C transformation was recently studied, 
the cations being chosen on the basis of their size and their effect 
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